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Abstract 

Traumatic brain injury (TBI) is a major contributor to death and disability and is 

considered a risk factor for developing neurodegenerative diseases. The initial trauma 

disrupts brain homeostasis leading to a highly orchestrated immune and glial cell 

response. Despite damages from the initial trauma, subsequent secondary cascades are 

thought to be a pivotal contributor to the subsequent detrimental outcomes. Glial cells 

are a critical contributor to secondary injury, having a dual role in TBI pathology. Initially, 

they associate with important protective aspects which promote recovery. However, 

during the disease progression, they promote further damage to the CNS via multiple 

processes, including neuroinflammation. This transition from a protective to a detrimental 

phenotype may present a time window for therapeutic interventions targeting glial cells, 

aiming to improve the adverse outcomes following TBI. 

Understanding the mechanisms involved in the activation of specific cell types in 

response to TBI is necessary in order to manipulate their response. Thus, we developed a 

toolbox profiling the transcriptional changes across various cell types with providing 

spatial and temporal context. Our analysis profiles the transcriptomic signature of the 

injured murine cerebral cortex using spatial transcriptomics, which, combined with 

scRNA-seq analysis, revealed specific subpopulations of astrocytes, microglia, and 

oligodendrocyte precursor cells (OPCs) accumulating at injury sites. These cellular 

subpopulations had a shared inflammatory signature involving two innate immune 

pathways, the Tlr1/2 and Cxcr3. Interestingly, the two pathways have an essential role in 

OPCs proliferation and accumulation at the injury site in response to injury in zebrafish. 

Thus, I first addressed the role of the two pathways in OPCs in vitro with two approaches, 

generating a specific knockout cell line and using a pharmacological approach in primary 

OPC culture. Both approaches indicated a direct role of these receptors in regulating OPC 

proliferation. Then we aimed to address the role of Tlr1/2 and Cxcr3 in response to injury 

in mice using pharmacological inhibition. Manipulation of the two pathways systemically 

altered the transcription profile of glial cells, downregulating innate immune response in 

glial subpopulation and controlling specific aspects of their reactivity, like astrocytes 

proliferation and microglia morphology, without entirely restoring glial cell homeostasis. 



Abstract 

 iv 

Altogether, during my study, I generated a comprehensive tool profiling early 

events following traumatic brain injury with respect to changes in time, space, and cell 

type. This analysis enables the examination of the interplay between cells in response to 

injury. Thus, it allows a better understanding of the injury pathophysiology, which may 

open more opportunities for developing new therapeutic strategies. 
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1 Introduction  

The central nervous system (CNS) consists of the brain and the spinal cord. The 

brain, one of the most complex organs in our body, monitors and coordinates the activity 

of many other organs in addition to behavior, intelligence, emotions, consciousness, and 

response to environmental changes. As a fundamental organ that controls the whole 

organism, the brain is anatomically protected by the skull, the cerebrospinal fluid (CSF), 

and the meninges. The blood-brain barrier (BBB) is an additional protective barrier from 

pathogens, circulating immune cells, and factors within the blood. BBB consists of 

endothelial cells connected by continuous adhesive and tight junctions, pericytes, and 

astrocyte foot processes (endfeet) (Keaney & Campbell, 2015; Louveau et al., 2015; Thau 

et al., 2022). 

The primary brain functions are the result of a highly integrated and 

interconnected cellular network of neurons and glial cells (or neuroglia). These two types 

of cells have distinct functions and physiology. Neurons are responsible for processing 

information and creating circuit-mediated behavior. At the same time, glial cells are 

responsible for the homeostatic and defense support of the nervous system, thus having 

an essential role in neuropathology (Ho et al., 2019; Verkhratsky & Parpura, 2014). Every 

insult to the nervous system triggers a glial response and initiates a specific glial defensive 

reaction. The degree of glial reactivity depends on the pathological condition of the brain 

as they react to various diseases, including psychiatric disorders, neurodegenerative 

diseases, and brain injuries. Glial contribution to brain pathological conditions often takes 

two faces which can be protective as well as harmful. A better understanding of the glial 

response to CNS insults could provide us with new tools to tackle those devastating 

disorders of our modern society. 

Since my main focus lies on glial reactivity following brain injury, I will briefly 

summarize the events following traumatic brain injury (TBI) with an emphasis on glial cells, 

the key contributors to TBI pathophysiology. Additionally, I will describe the inflammatory 

response following TBI and introduce two innate immune pathways, Trl2 and Cxcr3, as 

targets of my research project. Finally, I will highlight how studying the regenerative 

capacity of zebrafish CNS and using new tools like single-cell transcriptomic analysis could 
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help us better identify the detrimental aspects of TBI-induced pathology and develop new 

therapeutic approaches. 

1.1 Traumatic brain injury 

Traumatic brain injury (TBI) is among the leading causes of death and disability 

worldwide, affecting approximately 69 million individuals of all ages each year (Blennow 

et al., 2016; Dewan et al., 2019; Majdan et al., 2017). TBI is an acute brain insult due to an 

external force which can be the action of a direct hit, acceleration/deceleration force or 

penetrating objects, which disrupts the physiological structure and function of the brain 

(Blennow et al., 2016; Finnie & Blumbergs, 2002). The outcome of TBI can be very 

heterogeneous depending on the affected area, the severity, and the mechanism, which 

can lead to acute disruption of brain function and long-term cognitive and behavioral 

changes (Mira et al., 2021; Xiong et al., 2018). It is also notable that TBI has emerged as a 

critical risk factor for multiple neurodegenerative diseases, including Alzheimer's disease 

(AD), Parkinson's disease, Amyotrophic lateral sclerosis (ALS), and Chronic Traumatic 

Encephalopathy (CTE) (Puntambekar et al., 2018). 

TBI has a complex, progressive pathophysiology that leads to structural and 

functional changes and is classified into primary and secondary damage. (Mira et al., 

2021). The external mechanical force triggers the direct damage at the time of injury, 

leading to cell death, axonal damage, and disruption of the BBB (Puntambekar et al., 

2018). The initial insult is followed by progressive secondary damage, which develops over 

hours and days, including metabolic, neurochemical, cellular, and molecular changes 

(Maas et al., 2008; Puntambekar et al., 2018). Under the influence of the primary damage, 

astrocytes, microglia, and oligodendroglia precursors cells (OPCs, also often termed as 

NG2-glia) surrounding the lesioned site, alter their normal homeostasis and become 

reactive, resulting in changes in gene expression, morphology, and function (Batiuk et al., 

2020; Robel et al., 2011; Sofroniew, 2009). These secondary changes are associated with 

important protective aspects which aim to isolate the damaged area and promote 

recovery (Anderson et al., 2016). However, they can also promote further neuronal 

damage, neuroinflammation, oxidative stress, and protein aggregation, mechanisms 
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responsible for the persistence of symptoms and increased vulnerability to other 

neurodegenerative disorders (Maas et al., 2008; Puntambekar et al., 2018). 

After a TBI has occurred, the immediate neurological damage caused by the 

primary traumatic forces may not be reversible. In contrast, secondary neurologic damage 

is produced by a cascade of secondary events which evolve over time. An essential factor 

of the TBIs pathophysiology is the orchestrated response of glial cells accompanied by the 

infiltration of peripherally derived immune cell populations and their involvement in the 

inflammatory response (Figure 1) (Mira et al., 2021). A better understanding of the 

extended temporal profile of injury focusing on the interplay of glial cells and immune 

response may provide opportunities for new therapeutic interventions. 

In this line, the use of multiple animal models of TBI is essential to capture the 

heterogeneous nature of the clinical situation in TBI and characterize biomechanical, 

cellular, molecular, and behavioral aspects of the injury. Rodents are the most used animal 

models in TBI mainly due to their modest cost, small size, easy manipulation, and 

Figure 1. Timeline of cellular response (A) and schematic representation cellular behavior (B) in response to TBI (Alam 
et al., 2020. License CC-BY- NC 4.0) 
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standardized outcome measurements. The most widely used animal models are classified 

as closed-head injuries, as they do not involve skull fraction and include fluid percussion 

injury (FPI), controlled cortical impact (CCI) injury, weight-drop impact acceleration injury, 

and blast injury (Xiong et al., 2013). Another class is penetrating brain injury (PBI), 

resulting in skull fraction due to a gunshot or sharp object (Petersen et al., 2021). In my 

study, I used the stab-wound (SW) injury model in mice, a mild PBI model involving the 

breakdown of BBB and the activation of both glial and immune cells (Buffo et al., 2005; 

Frik et al., 2018; Scheller et al., 2017; Sirko et al., 2015; von Streitberg et al., 2021). The 

reproducibility of our model and the reactivity observed makes it perfect for studying the 

basic features of TBI pathophysiology. 

1.2 Inflammation and immune cell response 

TBI triggers the activation of inflammatory response and the recruitment of 

immune cells to the injury areas, fundamental processes of any wound healing pathways. 

These responses aim to clear the CNS of dead cellular debris and potentially infectious 

agents. However, the inflammatory reaction in the CNS has a controversial role, as it can 

promote neuronal cell death when over-activated (Shechter & Schwartz, 2013), 

depending on the nature of the insult. 

Compared to other brain pathologies, in TBI the disruption of BBB integrity is a 

major contributor to the inflammatory response as it allows a greater infiltration of 

peripheral immune cells and the extravasation of plasma proteins into the brain. (Karve 

et al., 2016; Xiong et al., 2018). Additionally, damaged cells from the acute injury release 

damage-associated molecular patterns (DAMPs), ATP, heat shock proteins (HSPs), and 

extracellular matrix remodeling enzymes, conveying an activation signal to the immune 

system and the resident glial cells (Gyoneva & Ransohoff, 2015). Pattern recognition 

receptors (PRRs) expressed in cells of the peri-lesioned area can sense these signals and 

contribute to the immune response. Toll-like receptors (TLRs) are members of the PRRs 

family and are activated by various DAMPs, including dsDNA and RNA, CpG motifs, and 

chaperone proteins which are released by dying cells (Karve et al., 2016). Signaling 

through TLRs, in addition to other pathways, can induce the production of cytokines, 

chemokines, and other small molecules that also contribute to the activation signaling, 
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resulting in the infiltration of leukocytes to the CNS and activation of the resident glial 

cells (Gyoneva & Ransohoff, 2015; Shechter & Schwartz, 2013).  

The recruitment of peripheral immune cells is observed in phases, and it highly 

depends on the nature and extent of the injury. Neutrophils are recruited first, followed 

by monocyte infiltration and delayed lymphocyte entry (Shechter & Schwartz, 2013). In 

the brain, neutrophil infiltration is minimal and restricted to the lesion site starting already 

a few hours after the initial insult and decreases substantially over the first week (Alam et 

al., 2020). Circulating monocytes/macrophages increase their number within 24hrs post-

TBI and infiltrate the brain over the first days following chemo-attractants. The chemokine 

(C-C motif) receptor 2 (CCR2) and its ligand, chemokine (C-C motif) ligand 2 (CCL2), have 

a critical role in their recruitment, as the inhibition of the pathway reduces the infiltration 

of monocytes/macrophages into the brain parenchyma and limits neuroinflammation, 

scar formation, and cognitive decline (Frik et al., 2018; McKee & Lukens, 2016). Depending 

on the severity of the brain injury, the adaptive immune response can also contribute to 

the inflammatory response at later time points with the recruitment of T and B cells (Alam 

et al., 2020). 

1.3 Glial cells in health and disease 

Glial cells were initially thought of as simply the "glue" of the nervous system 

(derived from Ancient Greek γλῐiᾱ /glíā meaning glue). However, decades of research have 

recognized the critical role of glial cells in the development and function of the CNS, as 

they are involved in physiological processes including neurogenesis, nutrient and 

metabolic factors transport, and synaptic transmission (Jakel & Dimou, 2017). Besides 

they contribute to maintaining the blood-brain barrier (Abbott et al., 2010), and they act 

as the first line of defense in the central nervous system when it comes to responding to 

insults such as injury or disease (Fitch & Silver, 2008).  

Glial cells constitute roughly half of the CNS cells, subdivided into microglia and 

macroglia, which include astrocytes and oligodendrocyte lineage cells (Allen & Lyons, 

2018; Jakel & Dimou, 2017). They respond rapidly to a CNS insult by developing a reactive 

phenotype that can lead to functional and morphological changes, resulting in beneficial 

effects such as the clearance of damaged or dead cells and isolation of the damaged from 
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the healthy tissue (Batiuk et al., 2020; Robel et al., 2011; Silver & Miller, 2004; Sofroniew, 

2009). However, long-term glial activation in combination with neuroinflammation can be 

detrimental (Mira et al., 2021; R. Z. Zheng et al., 2022). The role of each glial cell type and 

its contribution to TBI pathology will be discussed in detail in the following sections. 

1.3.1 Microglia 

Microglial cells, the resident macrophages of the CNS, comprise around 10% of 

brain cells and are the main immune component and phagocytic cell type of the nervous 

system, acting as the first line of defense against various types of pathogenic factors 

(Kettenmann et al., 2011; Kettenmann & Verkhratsky, 2022). Microglial cells have 

mesodermal/mesenchymal origin and originate from early erythromyeloid progenitors 

(EMPs) in the extraembryonic yolk sac, with their progenitors migrating into CNS and 

disseminating throughout the brain parenchyma (Ginhoux et al., 2010). After invading the 

brain, microglia mature through a stepwise developmental program and acquire a specific 

ramified morphological phenotype termed "ramified" or "resting microglia", 

characterized by a small cell body and many thin processes with multiple brunches that 

extend in all directions. Each microglial cell has its territory, constantly randomly scanned 

by rapid movements and small protrusions (Kettenmann et al., 2011; Kettenmann & 

Verkhratsky, 2022). 

Microglia is a heterogenous population with various densities, morphology, 

molecular signatures, and metabolism across multiple regions and developmental stages 

(Hammond et al., 2019; Masuda et al., 2020; Tan et al., 2020). A wide range of receptors 

on their surface enables them to respond to various pleiotropic stimuli, including 

neurotransmitters, cytokines, and plasma proteins. Additionally, they contribute to the 

homeostatic maintenance of the brain, influence cognitive processes, and shape the brain 

during development by regulating synaptic functions and phagocytosis of dying neurons. 

Notably, they play a significant role in the healthy adult brain, contributing to synaptic 

plasticity and adult neurogenesis (Diaz-Aparicio et al., 2020; Kreisel et al., 2019; Pérez-

Rodríguez et al., 2021; Szepesi et al., 2018; Wallace et al., 2020; C. Wang et al., 2020; Wu 

et al., 2015). 
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Brain-resident microglia are rapidly activated upon CNS insults and change their 

morphology to a hypertrophic ameboid morphology (Donat et al., 2017). Additionally, 

activated microglia start to proliferate, polarize, extend their processes, and migrate to 

the injury site establishing a barrier between the healthy and injured tissue (Kettenmann 

et al., 2011; Mira et al., 2021). This rapid chemotactic response is guided by extracellular 

ATP released from damaged cells (Davalos et al., 2005), which attract microglia to 

phagocytose damaged cells and debris, promoting brain repair. However, microglia 

reactivity can also be detrimental and promote further brain damage, hindering brain 

repair and functional recovery. This is usually linked to excessive activation of microglia 

and the production of proinflammatory cytokines such as interleukin 1 beta and alpha (IL-

1b), IL-6, tumor necrosis factor-a (TNF-a), interferon-g (IFN-g) (Xiong et al., 2018). The 

microglia activation state depends highly on the nature of TBI. It can be observed for 

weeks to months with varying morphological stages, gene expression patterns, and 

functions depending on the disease stage and the signals stimulating them, resulting in 

neuroprotective or neurotoxic phenotypes (Mira et al., 2021). These 

activation/polarization states are generally classified as M1 (classically activated, 

proinflammatory) and M2 (alternatively activated anti-inflammatory). The M1 phenotype 

promotes the production and release of proinflammatory cytokines that can exacerbate 

brain damage, whereas the M2 is associated with the release of neurotrophic factors that 

promote repair and have a phagocytic role. However, the unbiased transcriptomic 

analysis of microglia, using high-throughput transcriptomics such as single-cell RNA-

sequencing, revealed a border signature of microglia. Indeed, recent studies revealed a 

more complex state of microglia than the simple classification in M1 and M2, with a mixed 

expression of markers associated with both states (Donat et al., 2017; Hammond et al., 

2019; Y. Li et al., 2020; Masuda et al., 2020).  

1.3.2 Oligodendrocytes progenitor cells 

Oligodendrocyte progenitor cells (OPCs) represent 5-10% of the total cellular 

population in the brain and give rise to oligodendrocytes, the myelin-forming cell type, 

throughout the lifespan (Dimou et al., 2008; Eugenín-von Bernhardi & Dimou, 2016; 

Kettenmann & Verkhratsky, 2022). OPCs in the adult brain are often referred to as NG2-
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glia due to their specific expression of the proteoglycan neuron-glial antigen 2 (NG2) (also 

known as CSPG4, Chondroitin Sulfate Proteoglycan 4) on their cell surface, with both 

terms being interchangeable (Galichet et al., 2021). However, NG2 is also detected in 

pericytes, cells that enwrap the vasculature of the brain (Ozerdem et al., 2001), thus I will 

use the term OPCs throughout my thesis  

OPCs are the main proliferating cells in the non-neurogenic niches of the healthy 

adult brain and are organized in distinct domains with specific cell densities all over the 

brain (Dimou & Götz, 2014; Nishiyama et al., 2009; C. Simon et al., 2011). OPCs numbers 

and territory are maintained by a self-repulsion mechanism, which regulates these cells' 

proliferation and short-range migration of neighboring cells after cell death or 

differentiation (Hughes et al., 2013). One interesting aspect of OPCs function in the adult 

brain is their ability to form functional synapses with neurons and receive neuronal 

signals; however, this is not yet well understood (Bergles et al., 2000; Jakel & Dimou, 

2017). 

Following brain damage associated with BBB disruption, OPCs rapidly respond to 

the insult with several cellular and molecular changes (Dimou & Götz, 2014; Jakel & 

Dimou, 2017; Sirko et al., 2013). OPCs respond to injury by increasing the expression of 

NG2 and increasing in numbers by shortening their cell cycle length and increasing 

proliferation (C. Simon et al., 2011). Additionally, they become hypertrophic, polarize, and 

migrate toward the injured area contributing to the glial border formation (Dimou & Götz, 

2014; Hughes et al., 2013; C. Simon et al., 2011; von Streitberg et al., 2021). The 

accumulation of OPCs at the injury site breaks their homeostatic properties where they 

are organized in non-overlapping domains (Eugenín-von Bernhardi & Dimou, 2016; C. 

Simon et al., 2011). OPCs show a rapid reactivity in response to stab wound injury, which 

peaks 2 days post-injury and is resolved after 4 weeks (von Streitberg et al., 2021). Even 

though the reaction of OPCs to brain injury is not yet well understood, it recently was 

demonstrated that they have a critical role in wound healing as genetic ablation of 

proliferating OPCs and a decrease in the cell numbers resulted in a delayed wound healing 

(von Streitberg et al., 2021). 
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1.3.3 Astrocytes 

Astrocytes, the most abundant glial cell type, are classical neural cells derived from 

radial glia with neuroepithelial origin (as neurons and oligodendroglial cells) with many 

important functions for normal development and neural functioning to defense 

mechanisms (Kettenmann & Verkhratsky, 2022; Verkhratsky & Nedergaard, 2018). 

Astrocytes are highly heterogeneous in morphological appearance and functions 

associated with brain regions. For example, grey matter astrocytes have protoplasmic 

morphology with highly branched fine processes that contact the basement membrane 

surrounding the blood vessels and enwrap synaptic connections. On the other hand, 

fibrous astrocytes are present in the white matter and have thicker and less branched 

processes, which in addition to vascular cells, can also contact axons (Kettenmann & 

Verkhratsky, 2022; Robel et al., 2011). Furthermore, recent gene expression analysis in 

the healthy brain has shown that astrocytes are separable between several CNS regions 

with region-specific gene signatures, which constitute the molecular basis of complex 

astrocyte morphology (Batiuk et al., 2017; Endo et al., 2022; Ohlig et al., 2021). Many 

astrocytic functions in the healthy adult brain are well described and span many aspects 

of brain physiology. In brief, some functional hallmarks which are shared between many 

astrocytes are to maintain homeostatic control of extracellular ions and 

neurotransmitters, provide glucose metabolites as neurotrophic support, play an 

essential role in synapse formation, function, and pruning, as well as maintain the blood-

brain barrier(Robel et al., 2011; Sofroniew, 2015).  

Astrocytes also have an important role in defense mechanisms with their response 

including changes in their morphology, gene expression, and function in a process 

referred to as "reactive astrogliosis" (Dimou & Götz, 2014; Escartin et al., 2021; Robel et 

al., 2011). Reactive astrogliosis is a widespread reaction of astroglial cells to 

pathological processes in the brain, ranging from neurodegenerative or inflammatory 

conditions to acute invasive brain injuries (Sofroniew and Vinters, 2010). Reactive 

astrocytes are characterized by the upregulation of intermediate filaments, such as glial 

fibrillary acidic protein (GFAP), nestin, and vimentin (Buffo et al., 2008; Robel et al., 2011; 

Sirko et al., 2009). In contrast to microglia and OPCs, astrocytes do not migrate to the 
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injury area after stab-wound injury. Only a tiny proportion of astrocytes (~14%) mainly 

located around blood vessels (juxtavascular astrocytes) proliferate, and this is the only 

mechanism contributing to the accumulation of astrocytes around the injury sites 

(Bardehle et al., 2013). The proliferation of reactive astrocyte proliferation is regulated 

via various signals, including endothelin-1, sonic hedgehog, and fibroblast growth 

factor (FGF) signaling pathways (Gadea et al., 2008; Kang et al., 2014; Sirko et al., 2013; 

Zamanian et al., 2012). The astrocytic proliferation in response to TBI also regulates 

the monocyte invasion, thus, contributing to immune response (Frik et al., 2018). In 

addition, reactive astrocytes also express several receptors for DAMPs, including TLRs, 

allowing them to sense signals from the damaged area and communicate with other 

innate immune cell types like microglia (Gong et al., 2020).  

These initial responses facilitate the formation of a glial border, isolating the area 

of damage and inflammation from adjacent viable neural tissue (Brenner, 2014; Escartin 

et al., 2021; Pekny et al., 2014; Sofroniew, 2009). Astrocytes border, besides restricting 

the damage, is also necessary to promote axonal regeneration and BBB circuit restoration 

(Anderson et al., 2016; Batiuk et al., 2020; Escartin et al., 2021; Sofroniew, 2009). Indeed, 

the loss or attenuation of these cells results in more inflammation and increased serum 

proteins leading to further loss of neural tissue and decreased functional recovery in 

rodents (Sofroniew, 2015, 2020). 

On the contrary, astrocyte reactivity also involves adverse outcomes by 

contributing to excitotoxicity, spreading the damage to distal sites of the lesion, 

neuroinflammation, and edema (Karve et al., 2016; Mira et al., 2021). For example, 

activation of TLR4 leads to the production of proinflammatory cytokines IL-6, IL-1β, and 

TNF-α resulting in astrocytes reactivity, brain edema, and neuronal death (Jiang et al., 

2018). Additionally, the downregulation of glutamate transporters or excitatory amino 

acids transporters 1 and 2 (EAAT) in astrocytes after TBI leads to increased accumulation 

of glutamate in extracellular areas and may contribute to excessive excitotoxicity (Karve 

et al., 2016; Y. H. Li et al., 2015; Mira et al., 2021). All in all, reactive astrocytes can have a 

dual role in response to injury, covering important protective aspects which promote 

recovery. However, the transition from homeostasis to reactivity alters fundamental 

functions of astrocytes and can be detrimental. 
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The responses of glial cells to TBI are not isolated but rather a coordinated process 

that involves an orchestrated interaction of glial and immune cells. Most studies have 

investigated the interaction of microglia and astrocytes, with very few reports on their 

interaction with OPCs (Mira et al., 2021; R. Z. Zheng et al., 2022). For example, the 

extracellular ATP release from astrocytes induces microglial recruitment (Davalos et al., 

2005). Microglia and astrocyte crosstalk is also mediated via cytokines and other 

extracellular mediators, such as exosomes (Laird et al., 2014; Long et al., 2020). The 

interplay of glial cells and their contribution to neuroinflammation (Mira et al., 2021; R. Z. 

Zheng et al., 2022) is an important field that will allow us to better understand and 

characterize TBI pathophysiology.  

1.4 Scarless regeneration of the zebrafish CNS and its implication for 

mammalian research 

The restricted regeneration after CNS injury is a feature shared by all mammals, 

with a prolonged glial border formation as a hallmark. The glial border has a dual effect 

during the regenerative process. In the early stages, it is essential to isolate the damaged 

area, however, the long-term consequences of reactive gliosis are less advantageous since 

it creates an environment with prolonged inflammation and neurotoxicity promoting 

further neuronal damage. As a great burden of our modern societies, it is essential to 

explore multiple approaches which can promote new therapeutic targets. In this line 

better understanding of the great regenerative capacity of anamniotes, such as zebrafish, 

and comparison to mammalian systems may identify similarities and differences that 

could be exploited to improve the regenerative outcome in the human CNS. 

In contrast to mammals, anamniotes such as zebrafish can fully regenerate their 

CNS after TBI (Barbosa et al., 2015; Baumgart et al., 2012; Becker & Becker, 2008; Zambusi 

& Ninkovic, 2020). This enormous regenerative capacity is tightly correlated with the 

widespread stem cell niches along the zebrafish brain axis, which constitutively produce 

new neurons (Chapouton et al., 2007; Diotel et al., 2020; Kaslin et al., 2008).  Besides that, 

the transient activation of neuroinflammation is controlled promptly, intervening with 

glial border formation and promoting neuronal integration and survival  (di Giaimo et al., 

2018; Kyritsis et al., 2012). 
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Both the micro- and macroglia reactivity is detected in the zebrafish brain after 

injury. Invasive injuries in the zebrafish brain, such as the nostril injury paradigm, results 

in complete tissue regeneration within 1 week (Baumgart et al., 2012). Microglial cells are 

the first cell type to respond to a CNS injury in zebrafish by becoming hypertrophic, 

starting to proliferate, and accumulating around the injury site (Baumgart et al., 2012). 

Furthermore, the accumulation of microglial cells at the injury site correlates with the 

simultaneous closure of the injury track, suggesting the beneficial effects of microglial 

cells on wound healing (Baumgart et al., 2012; Kettenmann et al., 2011). The density of 

microglial cells returns to normal as soon as the injury track closes and the injury site is 

cleared of cell debris (Baumgart et al., 2012). As a parallel response to microglia 

recruitment, low numbers of proliferating oligodendrocytes (OPCs) accumulate at the 

injury site. However, this accumulation is transient as within 1 week, the Olig2+ cell 

numbers are back to normal, and the tissue is not distinguishable from uninjured control 

animals (Marz et al., 2011; Sanchez-Gonzalez et al., 2022). One important difference 

between the zebrafish and mammalian brains is the lack of astrocytes in zebrafish 

(Baumgart et al., 2012). Instead of astrocytes, zebrafish brains contain ependymoglial 

cells, which react to injury with cellular hypertrophy. Additionally, it has been shown that 

TBI in the zebrafish CNS triggers the upregulation of GFAP in ependymoglial cells 

(Kishimoto et al., 2012; Marz et al., 2011), suggesting that ependymoglial cells in the 

zebrafish telencephalon may take over the mammalian astrocytic functions in response 

to injury. 

Even though zebrafish CNS can fully regenerate, the type of injury can have 

different cellular responses. Indeed, when the injury is performed in the dorsal-ventral 

direction, going through the skull and the meninges (skull injury), it results in prolonged 

accumulation of Olig2+ cells and microglia (4c4+ cells) replicating the glial border formed 

observed in mammalian CNS (Marz et al., 2011; Sanchez-Gonzalez et al., 2022). A 

comparison of two injury types in the adult zebrafish telencephalon identified a couple of 

pathways involved in the prolonged accumulation of oligodendrocytes and microglia at 

the injury site (Sanchez-Gonzalez et al., 2022). More specifically, after comparing the 

transcriptome of regenerating brains between skull and nostril injury, we determined two 

inflammation-related pathways, the chemokine receptor 3 (Cxcr3) pathway and the toll-
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like receptor 2 (Tlr2) triggered pathway, being important for the prolonged glial border 

formation. Inhibition of these two receptors abolished glial accumulation and improved 

tissue restoration in zebrafish. These data suggest that Cxcr3 and Tlr2-triggered signaling 

pathways are involved in the prolonged glial border formation and manipulation of the 

two pathways might be beneficial for CNS regeneration in mammals as well. 

1.5  Innate immune pathways as a target to control glial reactivity 

1.5.1  Toll-like receptor overview and Tlr2 

As mentioned above, TLRs are part of the PRRs family that plays an essential role 

in activating innate immunity against various internal and external stimuli. TLRs have been 

classified as type I transmembrane receptors consisting of an extracellular N-terminal 

domain with numerous leucine-rich repeats (LRR) and cysteine-rich domains, a 

transmembrane domain, and intracellular Toll/interleukin-1 receptor (TIR) domain. There 

are 12 functional members of the TLR family identified in mice, TLR1-9 and TLR11-13 

(Kawasaki & Kawai, 2014), and their function is subdivided based on their localization. 

There are two functional classes of TLRs: the cell membrane receptors expressed on the 

cell surface and the intracellular ones or nucleic acid sensors localized to the endoplasmic 

reticulum (ER), endosomes, and lysosomes (El-Zayat et al., 2019).  

TLRs are expressed broadly on both immune and non-immune cells. The 

expression of TLRs is not static but is modulated rapidly in response to pathogens, a 

variety of cytokines, and environmental stress (Akira et al., 2006). TLRs detect molecular 

sequences first discovered in bacteria and viruses known as pathogen-associated 

molecular patterns (PAMPs). However, similar molecular sequences are released from 

injured or dying cells, which act as DAMPs and can act as endogenous ligands of TLRs. 

Several components could serve as DAMPs, including extracellular matrix components 

(for instance, hyaluronan and fibrinogen), nuclear and cytosolic proteins, for example, 

high-mobility group box protein 1 (HMGB1), and HSPs, plasma membrane constituents, 

as well as elements of damaged or fragmented organelles (such as mitochondrial DNA) 

(Gong et al., 2020). Activation of TLRs initiates downstream signaling pathways which 

induce innate immune responses by producing proinflammatory cytokines, chemokines, 

type I interferon (IFN-I), and antimicrobial peptides that further orchestrate antigen-
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specific adaptive immune responses(El-Zayat et al., 2019; Heidari et al., 2022; Kawasaki & 

Kawai, 2014). 

TLR2 is classified as a cell membrane receptor, usually found in heterodimer forms 

with TLR1 and TLR6, recognizing triacylated and diacylated lipopeptides, respectively, 

typically found in bacteria (El-Zayat et al., 2019; Oliveira-Nascimento et al., 2012; Perkins 

& Vogel, 2015). There are various endogenous ligands binding TLR2, including HSPs, 

HMGB1, and biglycan, which promote the production of proinflammatory cytokines, 

chemokines, and IFN-I responses (Gong et al., 2020; Oosenbrug et al., 2020; Y. Wang et 

al., 2013). It has been shown that TLR2 is expressed in cells of the CNS after pathological 

conditions, including microglia, astrocytes, oligodendrocytes, and neurons (Bsibsi et al., 

2002a, 2002b; Hanke & Kielian, 2011; Kielian et al., 2002; Konat et al., 2006; Mishra et al., 

2006). After an injury in the CNS, damaged cells release certain components which can act 

as DAMPS, including heat-shock proteins (HSP), nucleic acids, and high mobility group 

protein B1 (HMGB1), which signal principally to Tlr2 and Tlr4 (Gyoneva & Ransohoff, 2015; 

Y. Wang et al., 2013). In response to these, astrocytes, microglia, and damaged neurons 

at the injury site start secreting cytokines and chemokines, which further activate 

microglia and astrocytes and recruit peripheral immune cells (Gyoneva & Ransohoff, 

2015). 

1.5.2 Chemokine receptor overview and Cxcr3 

Chemokines are a large subgroup in the cytokine family, defined as chemotactic 

cytokines, due to their ability to attract immune system cells to the site of the injury or 

infection and orchestrate innate and adaptive immune responses. Four major chemokine 

families are classified based on the number and spacing of the conserved cysteine 

residues in the N-terminal position, named CXC, C, CC, and CX3C (Cartier et al., 2005; 

Murphy, 2002; Réaux-Le Goazigo et al., 2013). Chemokine receptors are G protein-

coupled receptors (GPCRs), belonging to the superfamily of seven-transmembrane 

domain receptors that mediate intracellular signals through heterotrimeric GTP-binding 

proteins. The nomenclature of the receptors follows this of the ligands that activate them, 

followed by the letter “R” (receptor). The high sequence homology between chemokine 

receptors of specific classes results in structural similarities. Consequently, these 
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similarities reflect a degree of redundancy since each chemokine has the capability of 

activating several different chemokine receptors or vice versa (Cartier et al., 2005; 

Nomiyama et al., 2011). 

Besides the structural properties, chemokines can be additionally classified 

according to function and categorized into inflammatory and homeostatic chemokines 

(Cartier et al., 2005; Zlotnik & Yoshie, 2012). Inflammatory chemokines are expressed in 

inflammatory conditions in response to proinflammatory cytokines or contact with 

pathogens. Consequently, they are primarily associated with the recruitment of 

leukocytes, such as monocytes, granulocytes, and effector T cells, to inflamed tissue 

(Cartier et al., 2005; Kiefer & Siekmann, 2011). In contrast, homeostatic chemokines are 

constitutively expressed under physiological conditions in lymphoid and other organs 

regulating the migration and homing of cells belonging to the adaptive immune system in 

physiological conditions. However, some chemokines possess both aspects and are called 

dual-function chemokines (Nomiyama et al., 2011; Zlotnik & Yoshie, 2012). Consistent 

with the diverse functions of the chemokine system, chemokines, and their receptors are 

also expressed in the CNS, where they play key functions in the development and 

homeostatic maintenance (Gyoneva & Ransohoff, 2015). 

The C-X-C Motif Chemokine Receptor 3 (CXCR3) can be differentially activated by 

the inflammatory chemokines CXCL9, CXCL10, and CXCL11 in mice (Colvin et al., 2004; 

Karin, 2020). The ligands and the receptor itself are mainly induced and regulated by 

interferon-γ (INF-γ) in response to injury or neuroinflammation (Müller et al., 2010). 

CXCR3 is expressed in various cell types of the leukocyte lineage, including monocytes, 

Th1 T cells, CD8 T cells, NKT cells, NK cells, and dendritic cells (Kuo et al., 2018). However, 

it has been shown that it is also expressed in other cells of the CNS, such as microglia, 

astrocytes (Biber et al., 2002), and neurons (Qi Xia et al., 2000).  

1.6  Single-cell RNA-sequencing for studying glial reactivity 

As discussed above, the cellular response to injury is characterized by complex 

changes in cells of various lineages and complex interplay between many of them during 

the disease progression. Accordingly, to broaden our understanding of TBI-induced 

pathology, it is required to enhance our knowledge of this complex system at cellular and 
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molecular level. In this line, the development of single-cell RNA- sequencing (scRNA-seq) 

and several closely related technologies like spatial transcriptomics now offer an 

outstanding chance to interrogate the complex cellular dynamics of the CNS injury at cell-

type-specific resolution through the study of their transcriptome. Indeed, an individual 

cell's RNA transcriptome can readily identify its background while giving a remarkably 

accurate picture of how it functions and responds to external stimuli. ScRNA-seq, has the 

ability to identify cellular heterogeneity within seemingly homogeneous cell populations, 

which may provide explanations for certain complex phenotypes that may be observed 

(Cardona-Alberich et al., 2021; Hwang et al., 2018). 

Single-cell omics was first achieved in 2009, characterizing cells from early 

developmental stages (Tang et al., 2009), and was advanced rapidly by the development 

of technologies for profiling the genome, DNA methylome, chromatin accessibility, and 

histone modifications in an individual cell. In principle, all current scRNA-seq methods 

involve the dissociation of a sample into single cells, then the barcoding of the individual 

Figure 2. Single-cell isolation and library preparation options:  cellular barcoding (A), amplification approach 
(B)captured RNA transcripts (C) single cell capturing approach (D) starting material (E). (Cardona-Alberich et al., 
2021. License CC-BY- NC 4.0) 
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cells such that all RNA derived from a given cell is labeled with an identical barcode. 

Consequently, the barcode can be used to identify the cellular origin of each sequenced 

transcript during downstream bioinformatics analyses. Over the years, the different 

protocol variants that have emerged differ from one another in various aspects, such as i) 

their method of barcoding the RNA from individual cells, ii) their method to amplify low 

abundance cellular RNA, iii) the region of the mRNA transcript that is enriched and 

sequenced iv) the method used to capture and process the individual cells (e.g., wells and 

droplets-based methods), and v) the choice of starting material [single cells or single 

nuclei (sn)] (Figure 2).  

Single-cell sequencing technologies, particularly scRNA-seq and snRNA-seq, have 

been extensively used to profile brain cell type diversity to elucidate the specific function, 

connectivity, and state of brain cells in physiology and disease (Cardona-Alberich et al., 

2021; Zhang et al., 2022). To better understand cellular brain heterogeneity, various 

approaches have been used, including profiling the whole organ and region-specific 

analysis, looking holistically at several cell populations, or focusing on specific types of 

cells, such as microglia and astrocytes (Figure 3). Astrocytes, for example, were 

characterized in multiple brain regions by performing scRNA-seq analysis of all cell types 

and then focusing on astrocytes which revealed shared and region-specific astrocytic 

genes (Endo et al., 2022), whereas other studies enriched for astrocytes prior scRNA-seq 

(Ohlig et al., 2021). In addition, studying astrocytes in response to inflammation revealed 

the appearance of distinct inflammatory subpopulations with distinct gene patterns 

Figure 3. ScRNA-seq and snRNA-seq studies in mouse CNS until 2021. (Cardona-Alberich et al., 2021. License CC-BY- NC 
4.0)  
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(Hasel et al., 2021). With the advent of scRNA-seq in healthy brains, during developmental 

stages, or in adulthood, as well as specific neurological diseases, new opportunities have 

been provided to identify novel cell types and disease-specific cell states, to identify 

molecular changes specific to cells, to study disease progression, and to dissect molecular 

mechanisms at high resolution. 
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2 Results 

2.1 Aim of study I  

The aim of this study was to characterize a zebrafish injury model with prolonged glial 

activation and investigate the role of innate immunity via Tlr2 and Cxcr3 signaling 

pathways in the activation and long-term accumulation of OPCs, leading to prolonged 

neuroinflammation. 
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Abstract:The oligodendrocyte progenitors (OPCs) are at the front of the glial reaction to the trau-
matic brain injury. However, regulatory pathways steeringtheOPC reactionaswell as the role of
reactive OPCs remain largely unknown. Here, we compared a long-lasting,exacerbatedreaction
of OPCs to theadult zebrafishbrain injury with a timely restrictedOPC activation to identify the
specificmolecular mechanisms regulating OPC reactivity and their contribution to regeneration.
We demonstrated that the influx of thecerebrospinal fluid into the brain parenchyma after injury
simultaneously activates the toll-likereceptor2(Tlr2) and the chemokine receptor3(Cxcr3) innate
immunity pathways, leading to increasedOPC proliferation and therebyexacerbatedglial reactivity.
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Thesepathways were critical for long-lastingOPC accumulation even after the ablation ofmicroglia
and infiltrating monocytes. Importantly, interferencewith theTlr1/2 and Cxcr3pathways after injury
alleviated reactive gliosis, increasednew neuron recruitment, and improved tissue restoration.

Keywords: brain regeneration; oligodendrocyte progenitors; reactive gliosis; innate immunity
pathways; zebrafish;neurogenesis;brain injury

1. Introduction
Wound healing in the brain is triggered by a temporarily regulated neuroinflam-

matory responsethat activates glial cells (reactive gliosis) and induces their recruitment
to the injury [1,2]. Despite the many different approaches to model brain injury, there
is an emergenceof a common pattern in the cellular dynamics of brain resident cells
following an insult [3]. Microglia respond to injury within 24h by changing their mor-
phology, increasing their proliferation rate, and migrating towards the injury site [4]. The
activated microglia togetherwith infiltrating monocytesnot only phagocyte the cellular
debris, but also release several damage-associatedmolecules (DAMs) to coordinate the
subsequentialglial reactivity [3,5–8].In line with the inductive role ofmicroglia released
DAMs, theastrocytereactivity (also termedastrogliosis)typically startslater on (2–3days
after injury) and varies depending on the extentof the damage [9]. Astrogliosis forms
the border of GFAP+ reactive astrocytessurrounding the injury site by the hypertrophy
of astrocytic processes,the upregulation of GFAP, and the increasedproliferation of jux-
tavascular astrocytes [5,10,11].Ablation experimentshave demonstrated that the initial
reaction of astrocytes is essential for wound closure and the restoration of the normal
brain milieu [12,13].Moreover, border-formingreactive astrocytes have beendescribed
to benecessary for axonal regeneration after spinal cord injury [5,14].On the other hand,
multiple studies have shown thatprolongedastroglial reactivity induced aversive extracel-
lular matrix modifications and exacerbatedinflammation [15–17]that negatively impact
on functional recovery. Recent reports have demonstrated a reciprocal regulatory loop
betweenastrocytesand immune cells. While DAMs releasedby microglia induce a neuro-
toxic phenotype in astrocytes [18],astrocytes regulate the extravasation of monocytes and
in turn, the long lasting neuroinflammatory response[12,19].

Strikingly, oligodendrocyte progenitor cells (OPCs) react to insults suchasdemyeli-
nation [20,21],traumatic brain injury (TBI) [22], or neurodegenerative disorders [23] as
fastas the residential microglial cells. In physiological conditions theseslow proliferating
progenitorsdisplay very limited and short-rangemigration [24,25]andmaintain their non-
overlapping cellular domains by balancing cellular proliferation and cell death [22,24–27].
However, a rapid and heterogeneousreaction of OPCs hasbeendocumented in response
to brain injury [22,24,25,28].TheOPCs polarize shortly after an insult [29] and become
fully hypertrophic [24,25]within 48h after injury. This reaction is followed by migration
towards the injury site [24,25]and an increased proliferation rate in the caseof a bigger
injury [25]. Importantly, during the wound healing processthe OPCs do not maintain
the non-overlappingdomains anymore and they accumulate at the injury site [25]. This
accumulation is resolved4weeks after the injury and thecellular repulsion mechanisms
maintaining the non-overlappingdomains are establishedagain. Despite the precisede-
scription of the cellular dynamics, our understandingof theOPC reactiontobrain injuries
and its relevance is still far from being understood. Several reports have suggestedthat
the OPC accumulation at the injury site could promotewound healing [25] and the co-
depletion of proliferating microglia and OPCs shown enhancedaxonal regeneration[30,31].
In contrast,the accumulation of OPC-derived proteoglycan NG-2hasbeenassociatedwith
the inhibition of axonalgrowth [32]. Theserather opposing observations support the need
to identify thepathways regulating thereactionofOPCs tobrain injury and toassociate
themwith theobserved regenerative outcomesafter injury.
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The temporal sequenceof theglial reaction to injury in the adult zebrafishbrain shares
some interesting similarities with the injured mammalian brain [1,33,34].However, in
contrastto theexacerbatedgliotic wound closuredescribedabove for themammalian brain,
the glial responseleads to full tissue restoration in zebrafish [1,34–37].Complete recovery
in the zebrafishbrain correlateswith the capacity to regulate theneuroinflammatory land-
scapeand induce the restorative neurogenesis (neuronal replacement) from endogenous
sources[37]. Thebasis for neuronal replacement resides in the injury-induced activation of
neural stemcell-likeependymoglial cells [1]. The initial microglial reaction to injury acti-
vatesdevelopmental and/or injury-specificregulatory pathways in ependymoglial cells [1],
regulating the timely production of new neuronsnecessaryfor tissuerecovery. Although
several regulatory mechanismsmediating the crosstalk between immune and ependy-
moglial cellshave beenidentified [1], little is known abouthow OPCs contribute,if at all,
to thepermissive timewindow for the integrationof new neurons.ZebrafishOPCs exhibit
a different reaction to the stabwound injury depending on the injury paradigm [37–39].
While injuries performedrostro-caudallythrough thenostrils (nostril injury) induced no
increasedproliferation and no recruitment ofOPCs to thedamagedarea [37],injuries along
thedorso–ventral axis(skull injury) induced a long lasting accumulationofOPCs at the
injury site [39]. The reactionof theOPCs to the skull injury is indeedvery similar to the
OPC reaction in the injured mammalian cortex,including the temporal resolution only
after 4weeks [22,34,39].Nostril and skull injury paradigms offer an ideal comparative
modelby which to identify specificmolecularpathways regulatingOPC reactivity and its
potential impact on tissue restorationand neuronal replacement asa meansfor functional
recovery.We applied a comparative analysis of “nostril versus skull” zebrafishforebrain
tissue to identify novel molecular mechanismsregulating exacerbatedand prolongedOPC
activation. We identified the toll-likereceptor2(Tlr2) and the chemokinereceptor3(Cxcr3)
innate immune pathways askey regulatorsofOPC proliferation. Interferencewith these
signaling pathways after injury not only alleviated theOPC accumulation at the injury
site,but it also improved wound healing and restorative neurogenesis.We also showed
that prolongedexposureof murine OPCs to human cerebrospinalfluid contentactivated
Tlr2/Cxcr3 signalingand in turn increasedOPC proliferation. Takentogether,we identified
signaling pathways and the sourceof their ligands regulating exacerbatedand prolonged
OPC reactivity, openinga new avenue for targetingtherapies.

2.Materials andMethods
2.1. Animals

Adult 4–6monthold wild-type zebrafish(Danio rerio) of theAB/EK strain,or of the
transgeniclines,Tg(olig2:gfp) [40],Tg(olig2:DsRed) [40],Tg(fli1:egfp) [41],Tg(gfap:GFP) [42],
Tg(mbp:nslGFP) [43]and Tg(mpeg1:mCherry) [44]were used for all the experiments.Fish
were kept under standard husbandry conditions [45] and experimentswere performed
according to the handling guidelines and regulation of the EU and the Government of
Upper Bavaria (AZ 55.2-1-54-2532-09-16).

2.2.StabWound Injuries
We carried out threedifferent stabwound injury paradigms: nostril, skull, and small

skull injuries (Figures 1and 6). Fish were anesthetized with buffered 0.02% MS-222for
45s to a minute and then placed in a Tricaine-soakedsponge. With the visual aid of a
dissecting microscope,injuries were performed in both telencephalic hemispheres. The
nostril injury [37]was performed using a100 0.9mm glasscapillary needle (KG01, A.
Hartenstein). Capillaries were pulled on aNarishige Puller (model PC-10)usinga “One-
stage” pull settingat a heater level of 63.5C.The final dimensionsof the capillaries were
5mm in length and 0.1mm in diameter. For the skull injury, a micro-knife(Fine Science
Tools)was inserted vertically through the skull into themedial region of the telencephalon.
Toperform thesmall skull injury, the skull was thinned above the telencephalonareausing
amicro-driller(Foredom) and theglasscapillary (identical to thatusedfor thenostril injury)
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was insertedvertically through theskull and brain parenchyma. After the injury, fish were
placed in fish water with oxygenation to assurecomplete recovery from theanesthesia.

2.3.Tlr2 Agonist (ZymosanA Bioparticles, Invitrogen) Administration
Fish were anaesthetized in 0.02% MS-222and a small hole, using a micro-knife(Fine

ScienceTools),was madeinto theskull (above the telencephalicventricle). A glasscapillary
loaded with 10mg/mL Zymosan or artificial cerebrospinalfluid with Fast Green dye to
visualize the injection site (0.3mg/mL; Sigma) was inserted into the hole and ~1 L of
solution was injected at a pressureof 150hPa using a microinjector (Eppendorf, Hamburg,
Germany). Artificial cerebrospinalfluid was used asa controlfor theventricular injections
since its composition closely matchesthe electrolyte concentrations ofcerebrospinal fluid
(Figure 2).

2.4.Cxcr3Agonist (VUF 11222,R & D Systems)Administration
Fish were anaesthetizedas previously described and the solution was injected in-

traperitoneally using a 30G needle (Braun). A total of 4 L ofVUF 11222(300mg/kg)or
DMSO vehicle with the Fast Green dye (0.3mg/mL; Sigma) was intraperitoneally injected
(Figure 2). We did not observe any aversive effectsby IP injecting up to 4 L of the80%
DMSO solution.

2.5. Inhibitor Administration
Intraperitoneal injections were performed as described above. All inhibitors were

dissolved in DMSO with Fast Green dye (0.3mg/mL; Sigma) for visualization. Cxcr3
inhibitors (NBI 74330(300mg/kg,R & D Systems, Minneapolis, MN, USA) and AMG
487(112mg/kg, R & D Systems)), and Tlr1/2 inhibitor (CU CPT 22(150mg/kg, R & D
Systems)) were injectedindependently (NBI 74330orCU CPT 22)or in combination(NBI
74330+CU CPT 22or AMG 487+CU CPT 22)(Figure 3and Figure S5). NBI 74330and
CU CPT 22were injecteddaily, while AMG 487was injectedtwice per day. The vehicle
solution consistedof DMSO and Fast Green dye. A total of 4 L was administrated per
injection and the maximum numberof intraperitoneal injectionswas 2 injectionsper day at
an interval of 72h. The mortality rate was lessthan 5% after any of the treatments.

2.6.BrdU Labelling Experiments
Tolabel proliferating cells and their progeny,we carried out long term bromo-deoxy-

uridine (BrdU; Sigma Aldrich, St. Louis, MO, USA) incorporation. Fish were kept in
BrdU-containing aerated water (10mM) for 21h/day or 14h/day as stated in specific
experiments (Figures 4–6).

2.7. ImmuneCell DepletionAssay
A two-stepapproach was used to deplete the immune cells: 2 L of Clodrosome

(Encapsula NanoSciences,Brentwood, TN, USA) was injectedinto the telencephalicven-
tricle every second day for one week prior to the injury (4 injections in total prior to
the injury). Ccr2 inhibitor (MK-0812,82.5mg/kg, Cayman Chemical, Ann Arbor, MI,
USA) was administered by intraperitoneal injectiondaily, starting2days beforethe injury
(Figures 5and S6). As a control for the ventricular injection, we used empty liposomes
(Encapsome) and DMSO for the intraperitoneal administration.

2.8. Human CSF SampleCollection
Human CSF samples were obtained from two different sources. The first one was

Erlangen University Hospital. The patients underwent a lumbar puncture to exclude
intracranial hemorrhageor inflammatory diseasesof the CNS and they were considered
healthy basedon normal values for CSF (color,cell count,and totalprotein). CSF analysis
was approved by the institutional review boardof Erlangen University Hospital (ethics
committeenumber 3950)and patients gave informed consent. After lumbar puncture, a
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proteaseinhibitor was added to CSF according tothe manufactureR0sinstructions (Roche)
and CSF was directly frozenat 80 C.The secondsourcewas the University Hospital at
LMU Munich (projectnumber159/03).Human CSF sampleswere obtainedfrom patients
who underwent a lumbar puncture to excludeintracranial hypertension or inflammatory
CNS diseases. Routine analysis of CSF (cell count, total protein, glucose) revealed no
abnormal values in all samples.All patientsgave their informed written consent.

2.9.Human Plasma, CerebrospinalFluid, andHeat-InactivatedCerebrospinal
Fluid Administration

A 100 0.9mm glasscapillary needle (KG01, A. Hartenstein, Würzburg, Germany)
was loaded with human plasma (Sigma Aldrich), human cerebrospinal fluid, or heat-
inactivated human cerebrospinalfluid (single healthy donor). Human cerebrospinalfluid
was incubated for 15min at90togenerateheat-inactivatedhuman cerebrospinalfluid. Fish
were anesthetizedwith 0.02%MS-222(Sigma-Aldrich). The glasscapillary was introduced
through thenostril and ~1 L of the solution was injected at a pressureof 150hPa into the
injury track in the telencephalicparenchyma (Figure 6).

2.10.Plasmid Electroporation
The plasmid pCS2-tdTomatomemwas diluted in sterile water and Fast green

(1 mg/mL), reaching a final concentration of 1 g/ L. ~0.5 L of the solution was in-
jectedin the telencephalic ventricle asdescribedpreviously [46]. Next, theelectroporation
was carried out by placing the positive electrodeat theventral side of the fisH0shead and
the negative electrode on the dorsal side and giving five pulses at 40V for 50ms each at 1-s
intervals [47].

2.11.TissuePreparation and Immunohistochemistry
Animals were sacrificed by an MS-222overdose.Brains were dissectedand fixed for

3 h at 4 C in 4% paraformaldehyde (PFA) in phosphate-bufferedsaline (PBS), washed
three timeswith PBS, and sectioned.For sectioning,whole brains were embeddedin 3%
agarosein PBS and cut serially at a 100 mthicknesswith a microtome(HM 650V,Microm).
Primary antibodies (Table S1) were dissolved in 0.5% Triton X and 10% normal goat
serum. Subclass-specificsecondary antibodies (1:1000,Thermofisher,Waltham, MA, USA)
were used to detect the primary antibodies. Nuclear staining was performed with 40,6-
diamidino-2-phenylindoledihydrochloride (DAPI) (Sigma). All sectionswere mounted
usingAqua Polymount (Polyscience,Niles, IL, USA). BrdU immunodetectionrequired2N
HCl pre-treatmentfor 20min at roomtemperature. Pre-treatmentof thesectionswith Dako
targetretrieval solution (Agilent, Santa Clara, CA, USA) was necessaryfor thedetectionof
the L-plastin. For whole-mount infarct tissue imaging, 500 mthick telencephalic sections
were cleared using BABB (1 part benzyl alcohol, 2 parts benzyl benzoatemethod) and
stained aspreviously described [48].

Cryo-sectioningwas used for RNAscope (see below). After fixation, whole brains
were cryoprotected in a 30% sucrosesolution overnight at 4 C.The tissue was embedded
in a tissue freezing medium (Leica) and frozenusing dry ice. Serial sectioning at 20 m
thickness with a cryostat (Leica) was performed. Sections were stored at 20 C until
further processing.

2.12.RNAscope
We usedan RNAscope Multiplex FluorescentReagentKit v2 (ACD) to identify and la-

bel specificzebrafishRNAs. For tissue processing,pre-treatment,andRNAscope assay we
followed themanufactureR0sinstructions.TheRNAscope probeswere designedby ACD us-
ing thefollowing targetsequences:Cxcr3.2(NM_001007314.1),MYD88 (NM_212814.2),Mxc
(NM_001007284.2),Tlr8b(NM_001386709.1),andGFP (Synthetic construct Cox8ND6gfp).
For visualization,theTSA Plus Cyanine 3/5(Perkin Elmer) kit was utilized.
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2.13. ImageAcquisition andProcessing
All immunofluorescencemicroscopyon sectionswas performed and analyzed with

an Olympus FV1000cLSM system (Olympus, Tokyo, Japan), using the FW10-ASW 4.0
software (Olympus). Bright field imageswere takenwith a Leica DM2500microscopeat
the Core Facility Bioimaging at the Biomedical Center (BMC). For whole-mountinfarct
tissueanalysis, imageswere acquiredwith a Leica SP8X microscope,using LASX software
(Leica) and deconvolved usingHuygens Professionaldeconvolutionsoftware(SVI). The
injury sitewas analyzed using Imaris software version 8.4(Bitplane, Concord,USA). The
3D surface objectwas generated frommanually created contours on2D slicesusing the
Surface tool tocalculate thevolume of theSurface object.Animations were made using the
Key FrameAnimation function(Imaris).

2.14.Quantitative Analysis
For eachexperiment,animals were randomly distributed into groupsand all manual

countswere performed blind. For all quantifications 4to6brains were analyzed, coming
from at least2independent experiments. All the sectionsbelonging to the telencephalon
were quantified (sections with the olfactory bulb or optic tectum were excluded), from
which we analyzed theentire rostro-caudalextentof theinjured tissue. The injured volume
was calculatedby multiplying theareaand thedepth of theDAPI denseaccumulation for
eachsection. The total injured volume was the sum ofall the injured sections.The density
of thepositive cells in the injured volume was defined by thetotal numberof cells located
in thevolume occupiedby DAPI denseaccumulation.Controls for the “injured volume”
were measured in uninjured, agematchedfishusing equivalent volumes for eachof the
injury paradigms. For 4C4quantifications. single-channelimmunofluorescent imageswere
converted to blackand white, thresholded, and theextentof thestained areawas measured
usingNIH ImageJ software. For theanalysis ofOliNeu proliferation, 25randomly selected
imagesper coverslip were used for theanalysis. The analysis was performed using the
automated ImageJ pipeline that is available upon request.

2.15.Statistical Analysis
Data are presentedas themean+/ standard error of themean (SEM) and eachdot

representsone animal. Statistical analysis was performed using R (version 3.6.1).Data
were investigated to test whether assumptions of parametric tests were satisfied (e.g.,
t-testor Anova). Residuals (fitted by lm function, statspackage,version 3.6.1)were tested
for normality by the Shapiro–Wilk normality test(shapiro_test function, rstatixpackage,
version 0.6.0).Further diagnosticsof residualswere carried outusing theDHaRMa package
(version 0.3.3.0).Thehomogeneity of variance assumption was testedusing Leveneʼs test
(leveneTest function, car package, version 3.0–10). If both normality and equal group
variances assumption were met, Studentʼs t-test(t.test function with var.equal =TRUE,
stats package, version 3.6.1)for single comparisons and one-way anova (aov function,
stats package, version 3.6.1)for multiple group design was used. Anova post-hoctests,
i.e., Tukey or Dunett tests,were applied either for all pair-wise comparisons (tukeyTest
function, PMCMRplus package,version 1.9.0)or Many-to-Onecomparisons (dunnettTest
function, PMCMRplus package,version 1.9.0),respectively. If thenormality assumption
was satisfiedbutgroupshadunequal variances,WelcH0s t-test(t.testfunction with var.equal
=FALSE, statspackage,version 3.6.1)for single comparisonsand WelcH0s one-wayAnova
(oneway.test function, statspackage,version 3.6.1)formultiple groupdesignwas used. As a
post-hoctest,Dunnettʼs T3testfor data with unequal variances was applied (dunnettT3Test
function, PMCMRplus package, version 1.9.0). For Figure S2E only selected contrasts
were tested (i.e., coronal vs. sagittal in each group) using the multcomp package (glht
function, version 1.4–15). If the normality assumption was not met, the data were log-
transformed toachieve normality of the residuals. In such a case,parametric testswere
carried out as described above. If log-transformationdid not satisfy theassumption, non-
parametric testswere used i.e.,Wilcoxon rank sum test (wilcox.testfunction, statspackage,
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version 3.6.1)for single comparisonsand Kruskal–Wallis test (kruskal_test function, rstatix
package, version 0.6.0)for multiple group design. In the latter case, the post-hocDunn test
(kwManyOneDunnTest function,PMCMRplus package,version 1.9.0)wasperformedfor
Many-to-Onecomparisons. Dose-responsein Figure 7D was analyzed by linear regression
on square-roottransformed outcome values. p-valueswere obtained for the regression
coefficients:the slope for OliNeu and thedifference in slopes (interaction term) for clone1
or clone2relative toOliNeu. The detailed statisticalanalysis for all data setsis presentedin
theSupplementary Materials.

2.16.Analysis ofRestorative Neurogenesis
Restorative neurogenesiswas defined as the proportion of new neurons that migrated

into the parenchyma. Zebrafish were kept in BrdU-containing aerated water (10mM)
overnight during the first 3 days. Simultaneously, vehicle and double inhibitors were
injected daily under normal conditions (Figure 4C–H) or after immune cell depletion
(Figure 4M–R). Animals were sacrificedat 7dpi and theexpressionpatternof HuC/D and
BrdU was analyzed. We assessedrestorative neurogenesisas completedpreviously [49]by
calculating theproportionof new neurons(HuC/D+BrdU+) thathad migrated fromthe
ventricular zoneinto theparenchyma asa result of the injury.

2.17.RNA Extraction, cDNA Synthesis,andRT-qPCR
Total RNA was isolated using the Qiagen RNeasy kit for microarray analysis and

qPCR experiments.RNA isolationfromFACS purified was performedwith a PicoPure
RNA isolation kit (Thermo Scientific). cDNA synthesiswas performedusing random
primers with theMaxima first strand synthesiskit (Thermo Scientific). The manufactureR0s
instructionswere followed for all thementionedkits. The real-timeqPCR was conducted
using SYBR greenand ThermoFisher Quant Studio 6machine (TableS2).

2.18.Microarray Analysis
TotalRNA (20ng) was amplified using the Ovation Pico WTA System V2 in com-

binationwith the Encore Biotin Module (Nugen). Amplified cDNA was hybridized on
Affymetrix Zebrafish 1.0ST arrays. Staining and scanning were performedaccording to
the Affymetrix expressionprotocol including minor modifications as suggested in the
Encore Biotion protocol. An expression console (v.1.3.1.187,Affymetrix) was used for
quality control and toobtainannotatednormalized RMA gene-leveldata (standard settings
including median polish and sketch-quantilenormalization). Statistical analyses were
performedby utilizing the statisticalprogrammingenvironment R (R Development Core
Teamimplemented in CARMAweb [50]). Genewise testingfor differential expressionwas
performed by employing the limma t-test.Regulated genesetswere defined by p<0.05,
fold-change>1.6xand linear average expression in at least one group >20.The array data
have beensubmittedto theGEO databaseat NCBI (GSE98217).

2.19.Assignment ofZebrafishArray ProbestoHomologousMouseGenes
The genomicpositions of all probe setsin the presentedzebrafishmicroarray study

were extracted from Affymetrix (http://www.affymetrix.com/analysis/index.affx; ac-
cessedon24November 2016)byapplying aBatch Query ontheGeneChip Array “Zebrafish
Gene 1.xST” (genome version Zv9 from 2011).With the help of a custom-writtenPerl
script and the extracted genomic positions of the probe sets, zebrafish gene identifiers
were derived fromtheEnsembl databasevia theApplication Programming Interface (API),
version 64,and subsequently passed to the Ensembl Compara database in order to re-
trieve homologous mousegenes.The Compara databasestorespre-calculatedcomparative
genomicsdata of different species including information on homologousgenes,protein
family clustering, and whole genomealignments [51]. For the assignment of zebrafish
to mouse genes,all kinds of homology (i.e., one-to-one,one-to-manyand many-to-many
orthologous genes)were taken into account. Gene Ontology enrichment analyses were
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performedusing theequivalent mousesymbolsand DAVID Bioinformatics Resources6.7
(p-value 0.05,fold change >2) [52,53].

2.20.FACS Analysis
Animals from the Tg(olig2:DsRed) transgenic lines were sacrificed by an MS-222

overdose and thetelencephalonwas dissectedfrom eachanimal. A single cell suspension
was prepared according to previously published protocols [54,55]and cells were analyzed
usinga FACS Aria III (BD) in BD FACS Flow TM medium.Debrisandaggregatedcellswere
gatedout by forward scatter–sidewardscatter;single cellswere gatedin by FSC-W/FSC-A.
Gating forfluorophoreswas performedusingAB/EK animals. Cells were directly sorted
into an extractionbuffer from PicoPure RNA isolation kit (Thermofisher) and storedat
80 Cuntil RNA preparationwas performed.

2.21. Preparation ofLibraries forDeepSequencing
cDNA was synthesized from 1ng of total RNA using SMART-Seq v4 Ultra Low

Input RNA kit for Sequencing (Clontech), according to themanufactureR0sinstructions.
The quality and concentration of cDNA was assessedon an Agilent 2100Bioanalyzer
beforeproceeding to the library preparation using a MicroPlex Library Preparation kit
v2 (Diagenode). All libraries (minimum of 3 biological replicatesper condition) were
processedtogetherto minimize batcheffects.Final libraries were evaluated and quantified
using anAgilent 2100Bioanalyzer and theconcentrationwas measuredadditionally with a
Quant-iTPicoGreen dsDNA Assay Kit (Thermo Fisher) beforesequencing.The uniquely
barcoded libraries weremultiplexed onto onelane, and 150-bppaired-enddeepsequencing
was carried out onHiSeq 4000(Illumina) that generatedapproximately 20million reads
per sample.

2.22.RNAseqAnalysis
TheRNA-seq analysis was completedusing thekallisto pipeline for thereadsmapping

and quantification followed with the Sleuth pipeline for thestatistical analysis. The cut-off
for thedifferentially regulated geneswas basedon theexpressionfold change (>2fold) and
p-valueadjusted for the 10% false discovery rate (q-value<0.05).FastQ files are deposited
at (accessionnumber pending). Gene Ontology enrichment analyseswas performed using
DAVID Bioinformatics Resources 6.8(p-value 0.05,fold change >2) [52,53].

2.23.Primary OPC Culture andClonalAnalysis
Primary culturesof theOPCs were performedaspreviously published [56].Cortices

of P0micewere dissectedavoiding the inclusion of white matter and grown for 10days.
After the initial culturing, cells were plated in 24-wellplates at 727cells/mm2 density.
OPC primary cultureswere transducedwith a GFP encodingMLV-basedvirus for clonal
analysis as previously described [57]. A total of 12hrs after the transduction, thecells were
treatedwith 1 M NBI 74330and8 M CU CPT 22and analyzed 5days later and theclonal
analysis was performed asdescribedpreviously [57].

2.24.GenerationofgRNAs forCRISPR/Cas9-Mediated Deletion
Targetsequenceswere chosenwithin 600bpafter thefirst ATG of theORF of Cxcr3

(ENSMUSG00000050232)and Tlr2 (ENSMUSG00000027995).gRNAs were generated using
Benchling (www.benchling.com, accessedon 24September 2019)and chosenaccording to
a high (>30)specificity score.Multiplexed gRNA vectorswere generatedusing theSTAgR
protocol [58]. Single gRNA expressionunits were amplified using overhang primers,
employing theN20 targeting sequenceas homology for Gibson assembly.gRNAs were
assembledinto agRNA expressionvector containing a TdTomatoreporter,modified after
pgRNA1 [59].
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2.25.DNA ExtractionandPCR
For the DNA extraction from the cells, the DNeasy blood and tissue kit was used

(Qiagen, 69504).The region containing the prospective mutation was amplified using
the standard PCR condition (denaturation: 2000;annealing 2000;extension 6000;30PCR
cycles) and locus-specificprimer pairs from the positive and negative clones. Tlr2: 50-
ggacaaattcaggaagcgca and 50-tgagagatcacggaccaagg;Cxcr3: 50-cctcatagctcgaaaaacgccand
50-ccccggagagaaagagtcag.PCRproducts were cloned using a PCR cloning kit according to
the manufactureR0sinstructions (Stratagene) and were analyzed for the mutation using
SANGER sequencing.

2.26.GenerationoftheOli-Neu Cell Line Deficient forCxcr3andTlr2
Oli-Neu cells were cultured in a SATO medium containing 1% horse serum. For

each transfection, 200,000cells/well were seeded into 6-wellplates and coatedwith poly-
L-lysin (Sigma). A total of 1 g of each STAgR (encoding for gRNAs and TdTomato
reporter) or control plasmid (encoding for dsRed) in addition to 1 gof Cas9 plasmid
(with a puromycin resistancecassette)was transfected per sample using Lipofecatmin 2000
(Invitrogen, Waltham, MA, USA) accordingto themanufactureR0sinstructions.Cells were
plated in low density and selectedwith 0.8 g/mL puromycin for Cas9expression.Five
days later, clones transfectedwith STAgR (TdTomato reporter+,positive clones) or only
Cas9(TdTomato reporter , negative clones)were selectedand expanded. Theproliferation
analysis was performed using two independent cloneswith different deletions in both
Tlr2 and Cxcr3 genes. To analyze the clones, 25,000cells/well were plated in 24-well
plates on poly-L-lysine-coatedcoverslips and analyzed after 48h. Cell were fixed in 4%
paraformaldehyde (PFA) in phosphate-bufferedsaline(PBS) for 15min atroomtemperature
and processedfor theantibody staining.

2.27.Screen forCxcr3 Ligands fromtheCSF
As the screenrequiresmany cells, we decided to conduct it in the oligodendrocyte

progenitor line (OliNeu) that also allows for the genetic inactivation of Cxcr3and Tlr2
asdescribed in Section 2.26.Both WT Oli-Neu and Cxcr3and Tlr2 deficient cloneswere
expandedontoa SATO medium containing 1% horseserum. After expansion,cells were
re-platedon PLL-coated coverslips at an equal density (272cells/mm2) and cultured
for 2 h. After this pre-incubation,cells were treated with different CSF concentrations
and vehicles. All cytokine treatmentswere performed using the WT Oli-Neu cells in
quadruplets and at 3different concentrations (Table S3) that were used as independent
replicates for the analysis. Cells were fixed with 4% PFA 24h after the treatment and
assessedfor proliferation using the anti-PH3 immunostaining.

2.28.HumanCytokineAntibodyArray
Four cerebrospinalfluid samples,derived fromhealthy patients,were analyzed using

a Human Cytokine Antibody Array (abcam,ab133997).All samples induced a scarring
reaction upon injection into the nostril injury track. The positive controlswere used to
normalize signal responsesacrossmultiple arrays.

3. Results
3.1. Skull andNostril ModelsofZebrafishTelencephalonInjury Differ in theKinetics ofthe
Glial Reaction

Toidentify themolecular and cellular basisfor OPC activation during wound healing,
we set out to follow the reactionof different cell types toan injury in the zebrafishtelen-
cephalonusing two paradigms in parallel, onewith long-term,exacerbatedOPC reactivity
(referred to asskull injury, Figure 1A) and theother resulting in time-restrictedgliosis and
full tissuerecovery (referred toasnostril injury, Figure 1B). Injuries were performedin both
telencephalichemispheresand theinjury sitewas definedbasedon theDAPI accumulation
throughout the manuscript (e.g., Figure S1I,K). Damage-associatedmolecules trigger the
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early inflammatory responsethat induces therecruitment of peripheral neutrophils into
the injury site in the mammalian brain [60]. In zebrafish,we observed Lys+ neutrophils
12h after bothinjuries in the brain parenchyma (Figure S1A,D). Interestingly, Lys+ cells
accumulated at the injury site after the nostril injury (Figure S1B), while they were dis-
persedthroughout the injured parenchyma after the skull injury (Figure S1D). Moreover,
Lys+ neutrophil accumulation resolved 24h after nostril injury and we could not detect
any difference 48h after injury (Figure S1C) compared to the intact brain. In contrast,we
did not observethe fast clearanceof Lys+ cells after skull injury (Figure S1E).

Figure1. Distinct injury paradigms in the zebrafishtelencephalon led toeither scarlessregeneration
or prolongedglial reactivity. (A,B) Schemesdepicting skull (A) and nostril (B) injury paradigms. Red
triangle (A) and red line (B) illustrate theinjury track. (C,D) Micrographs ofa telencephalicsection
showing the distribution of Olig2:GFP+ oligodendroglia and 4C4+microglia/monocytes in the intact
brain. (E,F) Images of 3 dpi skull-injured sections(4C4+ and Olig2:GFP+ cells) at the level of the
injury core delineated by a white line (E) and lateral to the injury core depicting the first signs of
Olig2:GFP+ cells to accumulation indicated by theboxedarea (F). (H) Image showing the distribution
of Olig2:GFP+ and 4C4+cells at 3dpi after a nostril injury. (G,I) are magnifications of theboxedareas
in (F) and (H), depicting Olig2:GFP+ cell distribution. (J–M0) Images showing thereactivity of 4C4+
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and Olig2:GFP+ cells at 7days afterskull (J) and nostril (L) injury. (K,K0,M,M0) aremagnifications
of the boxed area in the respective images. (N,O) Graphs depicting the density of Olig2:GFP+

cells at the injury site after skull (N) and nostril (O) injury. Data are shown asmean SEM; each
data point representsoneanimal. Statistical analysis is basedon anon-parametricKruskal–Wallis
Test (p-value =0.0021)with a post-hocDunn test (Many-to-One) in (N) and a one-way ANOVA
(p-value =2.483 10 5) with a post-hocDunnett test (many-to-one)in (O). (P) The accumulation
of 4C4+and Olig2:GFP+ cells resolved at 28days after skull injury. (Q–R0) Images showing the
morphology of ependymoglial cells (labelled by electroporation of TdTomatomem)28days after
skull (Q) and nostril injury (R,R0). While we observedthe restorationof the radial morphology of the
labelled ependymoglia that contactsthe basementmembraneafter nostril injury (similar to the intact
brain), theependymoglia after skull injury failed to restoreradial morphology and built extensive
contactswith Fli1-positive blood vessels. All imagesare full z-projectionsof a confocal stack;insets
indicate the rostro-caudallevels of the sections.Scale bars in (C,E,F,H,J,L,P,Q,R,R0) =100 m;Scale
bars in (D,G,I,K,K0,M,M0) =20 m.Abbreviations: OB: olfactory bulb,OT: optic tectum,dpi: days
post-injury;AFOG: acid fuchsin orangeG. Symbol description: black triangle: skull injury; black
circle: nostril injury.

As neutrophils regulate the activity stateof microglia and extravasatingmonocytes
and consequently the regenerative response[60],we analyzed bothpopulations basedon
the expressionof two different immunohistochemical markers (4C4and L-plastin) as well
as the transgenic line Tg(mpeg1:mCherry) [44] labelling bothcell types (Figure S1F–H000).
In the intact condition, the majority of microglia co-expressedall threemarkers although
at the different levels (Figure S1F–F000).However, after both nostril and skull injury, we
observed an increase in 4C4+cells and only a proportion of them were colocalized with
L-plastin and/or with mpeg1:mCherry+ cells (Figure S1G–H000).Takentogether,thesedata
suggestthat 4C4was the broadestmarker to identify microglia/monocyte population and,
therefore,we used it further in our study. While the initial activation pattern of4C4+cells
was similar in both injury paradigms with the first signsof reactivity detectablealready
at 24h after injury (Figure S1J,L), the skull injury induced a stronger reactivity and a
long-lastingaccumulation of 4C4+cells at the injury site (Figure 1E–M0).

The accumulation of cellsbelongingto the oligodendrocyte lineage (OPCs and mature
oligodendrocyteswere labeled using thetransgenicline [Tg(Olig2:GFP)] [40]) at the injury
site was slightly delayed in comparison with the microglia/monocytes (Figure S1I,K).
The density of Olig2:GFP+ cells was increased at the injury site 3 days after both skull
(Figure 1F,G,N) and nostril injury (Figure 1H,I,O), although to different extents.The accu-
mulation of Olig2:GFP+ cells was rapidly resolved and returned to pre-injuryconditions
within 7days afterthenostril injury (Figure 1L–M0,O), in agreementwith previously pub-
lished studies [33,37,38].In contrast, the density of Olig2:GFP+ cells further increased and
still persistedat 7days post-injury(dpi) in the skull injury paradigm (Figure 1J–K0,N).
We analyzed coronal brain sectionsdepicting the skull injury in its full extent,but only
part of thenostril injury. Therefore, the accumulation of both4C4+and Olig2:GFP+ cells
observed exclusively after skull injury could be a consequenceof a bias in the analysis.
Toexcludeany technical bias, the number ofOlig2:GFP+ cells accumulating at the nostril
injury site was also analyzed in sagittal sections depicting the full extentof the nostril
injury (Figure S2A–D). No differenceswere observedat any of theanalyzed timepoints
(Figure S2E). Moreover, injury siteswere analyzed in BABB-cleared brains. While we could
observe aclear accumulation of Sox10+(classical marker for the oligodendrocyte lineage)
and 4C4+cells 3days after nostril injury, 7 days after injury Sox10+and 4C4+cells showed
distributions that were indistinguishable from samplesof intactbrains (Videos S1–S3).

In the zebrafishtelencephalon the resident neural stem cell [48,61],the ependymoglial
cells, expressGFAP. So next,we used the Tg(gfap:GFP) transgenic line [42] to label and
characterize the reactivity of ependymoglial cells after bothtypes of injury. Gfap:GFP+

cell bodies line up at the ventricular wall of the brain surface with processesreaching
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basementmembrane (Figure S3A); therefore,after a nostril injury, only someprocessesof
ependymoglia, locatedin thedeepparenchyma,werewounded (Figure S3B,C). Importantly,
no sign of damagewas observed at 7days after nostril injury (Figure S3F). On the other
hand, upon skull injury, theependymoglial cell layer was disrupted (Figure S3D,E), but
was already restored7days after skull injury (Figure S3G). Despite this recovery,we still
observedhypertrophic processesand a few misplaced Gfap:GFP+ cells at theinjury site
(Figure S3H).

The accumulation of Olig2:GFP+ and immune 4C4+cells was resolved 28days after
theskull injury (Figure 1P), resemblingthebehavior ofOPCs and microglia in the injured
mammalian cerebral cortex[19,22].However, even after theaccumulation of Olig2:GFP+
and immune 4C4+cells was resolved, the tissuearchitecture was not fully restored,based
on theGfap:GFP+ ependymoglial cell morphology (Figure 1Q–R0). Toassesstheependy-
moglial morphology, we labelled them using the electroporation of the TdTomatomem
plasmid bothafter nostril and skull injury and analyzed their morphology and localization
28dpi. In line with previous reports [37,47],the nostril injury did not change the mor-
phology or the localization of ependymoglial cells comparedto the intact brain. We found
ependymoglial cell bodieslining up at the telencephalicventricular wall with processes
mostly spanning the brain parenchyma and anchoring at thebasementmembrane28dpi
(Figure 1R,R0).However, after skull injury, several of the labelled ependymoglial cells had
a bushy morphology and did not reach thebasementmembrane(Figure 1Q;Video S4).

Thesedata demonstratethedifferential reactionsof neutrophils, microglia/monocytes,
and oligodendrocyte lineage cells in two injury paradigms. The prolongedreactionof these
cells correlateswith thedeley in the tissue restoration.

3.2.Activation ofInnate Immunity Pathways InducesProlongedGlia Reactivity afterInjury in the
Zebrafish Telencephalon

In view of the above findings, comparing the transcriptomeinduced by nostril and
skull injury offersa unique opportunity to disentangle the specificmolecular programs
inducing exacerbatedgliosis fromthebeneficialpathways promotingwound healing. We
reasonedthat somesignaling pathways that were activated after a skull injury, but not
after a nostril injury, could account for the long-lastingglial accumulation at the injury
site and the absenceof full tissue restoration. Therefore, we analyzed the geneexpression
during regeneration (1, 2,3,and 7dpi) after a nostril or skull brain injury in the whole
telencephalon,using theAffymetrix Zebrafish GeneST 1.0array (Figure 2A). Both types
of injuries initially induced comparable transcriptome changes,as reflectedby a similar
number of significantly regulated genes(fold change>1.6,p<0.05)and a large overlap in
significantly overrepresentedGeneOntology (GO) terms(basedonDAVID analysis, fold
enrichment 2;p<0.01)at 1and 2dpi (Figure 2B, TableS4). However, we observed a strik-
ing differencein thenumber of regulatedGO termsafter nostril and skull injury at 3dpi
(Figure 2B), with 1012transcriptsregulated after a skull but not nostril injury (Figure 2C).
Interestingly, this large numberof uniquely regulated genesat 3dpi correlateswith differ-
encesin the reactionof Olig2:GFP+ cells andmicroglia/monocytes between thetwo injury
paradigms (Figure 1N,O), supporting the idea that understanding thesetranscriptional
differencescould identify specificprogramsinducing long-lastingOPC accumulation and
neuroinflammation. Tofurther validate theapplicability of this approach,we analyzed the
differential expressionof genespossibly involved in the ECM modifications,as the specific
ECM changescould be associatedwith exacerbatedglial activation [16]. Towards this
end,we selectedgenesrelated to theGO terms“Extracellular matrix” (GO_0031012)and
“Extracellular region” (GO_0005576)andanalyzed their expressionat 3days postskull and
nostril injury. Among all the regulated ECM-related transcripts (131),69of themwere exclu-
sively regulated after the skull injury (Figure 2D). Thesetranscriptswere overrepresented
in GO terms related to the immune response,regulation of immune system process,and
proteolysis (Figure 2E, TableS5), processesimplicated in the exacerbatedglial reaction after
wound closure. Moreover, someof thesegenesencoded for factors reported to regulate
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either glial reactivity (Ptpn6, Cst B, C1qa, C1qb,Mmp9, Fga) [62–66]or fibrosis [67–71]
(Figure 2F). Because the two types of injuries show different kinetics in cellular response,
somegenescould still bedifferentially regulated atdifferent timepoints afternostril injury.
Therefore,we filtered out from the1012transcript set (Figure 2C) all transcripts regulated
after nostril injury at any analyzed time point. We identified 812transcripts regulated
3days after skull injury but not at any time point afternostril injury (Figure 2G). Most of
the GO terms significantly enriched in this geneset (2-foldenrichment and p<0.01)were
related tometabolism, immune, and innate immune response(Figure 2H, TableS6).

Figure2.Activation of innate immunity pathways after injury induced a prolongedglial reaction in
the zebrafishtelencephalon. (A) Experimental design toanalyze transcriptome changesoccurring
uponnostril andskull injury. (B) Tabledepicting thenumberof significantly regulatedGeneOntology
terms(Injury vs. Intact) atdifferenttimepointsafternostril and skull injury. (C) Comparative analysis
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using a Venn diagram illustrating the number of genesexclusively regulated 3days after skull injury
(Skull vs. Intact) andnotafternostril3dpi (Nostril vs. Intact). (D) Venndiagramdepictingtheoverlap
between ECM-related genesregulated at 3days after skull and nostril injury. Regulated geneswere
defined by a p-value<0.05,fold-change>1.6,and a linear average expression >20.(E) Significantly
enriched Gene Ontology (GO) terms of biological processes(color indicates p-valuesand symbol
sizenumber of identified geneswithin the term) in an ECM-related genesetregulated exclusively
3days after skull injury (69genesin panel (D)). (F) Chord diagram depicting selectionof regulated
ECM-related genesand associatedGO termsbiological processes.(G) Venn diagram depicting the
overlap between genesexclusively regulated at 3days after skull injury and genesregulated after
the nostril injury at any time point. Note that 80% of the geneswere exclusively regulated after
skull injury at 3dpi but were never regulated after nostril injury. (H) Plot showing significantly
enriched (p-valuesindicated on bars) GO terms related tobiological processesin a gene set regulated
exclusively 3days afterskull injury (Skull 3dpi vs. Nostril at any time point), correlatingwith glial
accumulation. (I) Histogram depicting the regulation of genesrelated toCxcr3and Tlr signatures
after nostril and skull injury. The dotted,gray line shows the1.6-foldchangecut off. (J) Scheme of the
experimentaldesign analyzing the ability of theTlr2 agonistto induce glia accumulation after nostril
injury. (K,L) Images of 5-day-injuredtelencephalicsectionsin the Tg(Olig2:GFP) line after nostril
injury and aCSF (K) or zymosanA injections(L). (M,M0) Magnificationsof theboxedareain L depict
the exacerbatedaccumulation of Olig2:GFP+ (M) and 4C4+(M0) cells at theinjury site. (N) Scheme
representing the experimental design to analyze the capacity of the Cxcr3agonist (VUF 11222)to
induce a reactive gliosis. (O) Micrograph illustrating the reactivity of Olig2:DsRed+ and 4C4+cells
after Cxcr3activation. (P) Magnification of the injured areain (O). (Q) Graph showing the density
of Olig2:GFP+ cells in the injured area 5days after nostril injury with aCSF, Cxcr3or Tlr2 agonist
treatments. Data are shown as mean SEM; each data point representsone animal. p-valuesare
based on a one-wayANOVA (p-value =1.183 10 5) with a post-hocDunnett test (Many-to-One).
All images are full z-projectionsof a confocal stack. Insets indicate the rostro-caudallevels of the
sections. Scale bars in (K,L,O) =100 m;scale bars in (M,M0,P) =20 m;Abbreviations: dpi: days
post-injury,N3d: nostril 3 dpi, S3d: skull 3 dpi; Ctrl: control; aCSF: artificial cerebrospinal fluid.
Symbol description: orange square: ventricular injection of aCSF; orange circle: ventricular injection
of zymosan A, Tlr2 agonist; greencircle: VUF 11222,Cxcr3agonist;black circle: nostril injury.

In particular, we observed the upregulation of genesindicative of the activation of
the Toll-like receptor, Tlr, (mxc,mxe,irf7, irf2) [72–74]and chemokine family 11(cxcl11.1,
cxcl11.5,cxcl11.6like,and cxcl13)[75] mediated innate immune response, at 3 days after
skull injury (Figure 2I). Innate immunity orchestratestheinitial eventsof wound healing
after skin [76],heart [77],and CNS [9] injury, and its regulation determines the extentof
tissue restoration [78]. Therefore, we set out to address whether the activation of either
Tlr- or Cxcl11 family-mediated innate immunity leads to the induction of exacerbated
glial reactivity in the zebrafishtelencephalon. We first activated the Tlr-mediatedinnate
immune responseby injecting zymosan A microparticles [2] 3 days after nostril injury
(Figure 2J) to mimic the temporal activation of this pathway observed after skull injury.
Zymosan A was injectedin the telencephalicventricle and the glial reactivity was analyzed
at 5dpi, when the Olig2:GFP+ cell accumulation was already resolved after nostril and
detectedonly after skull injury (Figure 2J,K,Q). Indeed, thevehicle (artificial cerebrospinal
fluid, aCSF) treatmentdid not alter thereactionof Olig2:GFP+ cells and no accumulation
was detected at 5 dpi (compare nostril 3 dpi Figure 1O with Figure 2Q for vehicle). In
contrast, zymosan A treatment not only prolonged the accumulation of both 4C4+and
Olig2:GFP+ cells at the injury site (Figure 2K–M0,Q), but it also increased7-foldthe num-
ber of Olig2:GFP+ cells accumulating at the injury site 5dpi compared with the vehicle
treatment(Figure 2Q). Thus, zymosan A treatmentturned the initial short-termglial acti-
vation into a prolonged and exacerbatedaccumulation of glial cells at the injury site after
nostril injury. The toll-likereceptor2(Tlr2) mediates the sterile inflammation induced by
zymosan A in other systems [72,79],and Tlr2 was expressedin the intact as well as the
injured zebrafish telencephalon (Figure S4A). Therefore, we tested whether interfering
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with Tlr1/2 pathway activation using a Tlr1/2-specificcompetitiveinhibitor (CU CPT22)
would abolish the capacity of zymosan A to induce an exacerbatedglial reaction after
nostril injury (Figure S4B). Indeed, interferencewith theactivation of theTlr1/2 pathways
prevented theaccumulation ofOlig2:GFP+ cells at the injury site after zymosanA injection
(Figure S4C–G), suggestingthat activation of Tlr1/2 is sufficient to induce a prolonged
accumulation of Olig2:GFP+ cells and 4C4+cells at the injury site.

Similar to Tlr2-inducedinnate immunity, we setout to testwhether theCxcl11family
hasa role in prolongedglial activation, in linewith the induction oftheseligandsexclusively
after skull injury. As up-regulatedCxcl11-familyligands (Figure 2I) signal through thesame
chemokine receptor,Cxcr3 [80],we analyzed the ability of aspecificCxcr3agonist (VUF
11222[81])to induce glial accumulation in thenostril injury paradigm (Figure 2N). Similar
to the reactivity observed upon Tlr2 pathway activation (Figure 2K–M0,Q), treatment
with the Cxcr3 agonist was sufficient to trigger exacerbated4C4+and Olig2:GFP+ cell
accumulationat the injury siteat 5dpi (Figure 2O–Q).

Takentogether,our data suggest that the activation of either Tlr2 or Cxcr3 is sufficient
to induce an exacerbatedglial reaction after nostril injury.

3.3. Tlr1/2andCxcr3 Pathways CooperativelyControl ReactiveGliosis after Injury in the
Zebrafish Telencephalon

Because the activation of either Tlr2 or Cxcr3 signaling induced exacerbatedglial
reactivity in thenostril injury and thetranscriptomeanalysis demonstratedtheactivation
of bothpathways exclusively after skull injury, we askedwhether interferencewith these
pathways would block theexacerbatedgliosis after skull injury. We inhibited the activation
of the two signaling pathways by using specificinhibitors: CU CPT22 for theTlr1/2 [67]
pathway and NBI-74330fortheCxcr3 [68]pathway (Figure 3A). Strikingly, interference
with theTlr1/2 pathway did not changetheaccumulation ofOlig2:GFP+cells after skull
injury (Figure 3A–C,F), despitea significantreduction in theareacoveredby 4C4+immune
cells (Figure S5A–C,F). Likewise, the inhibition of theCxcr3pathway did not affecttheac-
cumulation of either 4C4+orOlig2:GFP+ cells (Figure 3D,F and S5D,F). Thesedata suggest
that the two signaling pathways might befunctionally redundant in controlling theaccu-
mulation of Olig2:GFP+ cells. Toassesstheir redundancy,we simultaneously inhibited the
Tlr1/2andCxcr3pathways with respectiveinhibitorsafterskull injury (Figure 3A). Indeed,
we observed a significant decreasein the numberof Olig2:GFP+ cells accumulating at the
injury siteby 4dpi in inhibitor-treatedanimalscomparedtovehicle (Figure 3E,F). Moreover,
Sox10+cells,representing oligodendrocyte lineage cells [69], showed a similar reduction,
supporting the idea that theeffectof inhibitors on theoligodendrocyte lineage was mainly
in regulating their accumulation at the injury site, rather than affectingOlig2-driven ex-
pressionof GFP (Figure 3B–E). In addition, the areacoveredby 4C4+microglia/monocytes
was also significantly reduced afterdouble-inhibitortreatment(Figure S5E,F). A reduction
in the accumulation ofOlig2:GFP+ cells at the injury sitewas also observedafter Tlr1/2
inhibitor treatment (CU CPT22) combinedwith a different Cxcr3inhibitor (AMG-48744)
(Figure S5G–J). Thus, the possibility of this phenotype being induced by the off-target
effectsof our pharmacological treatment is rather low. Theseeffectsof the inhibitor cocktail
on alleviating Olig2:GFP+glia and microglia/monocytes accumulation persistedalsoat
later timepoints asno sign of Olig2:GFP+ cell accumulation was detectablefollowing the
double-inhibitortreatment7dpi in the skull injury paradigm (Figure 3G–J).
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Figure 3. Tlr1/2 and Cxcr3 pathways redundantly control the accumulation of Olig2:GFP+ cells
but not their maintenance at the injury site in the zebrafish telencephalon. (A) Scheme of the
experimental setupto addressthe role of Cxcr3and Tlr1/2 in the reactive gliosis 4days after injury.
(B–E) Micrographs of telencephalicsectionsobtained after 4dpi depicting Olig2:GFP+ and Sox10+

oligodendroglia reactivity with vehicle (B), Tlr1/2 inhibitor (C), Cxcr3 inhibitor (D), and double-
inhibitor (E) treatments. (F) Graph showing the density of Olig2:GFP+ cells located at the injury
site after vehicle, Tlr1/2 inhibitor (CU CPT22), Cxcr3 inhibitor (NBI 74330)anddouble-inhibitor
combination (NBI 74330+CU CPT22) treatment. Note that only the double-inhibitorcocktail reduces
thenumber of Olig2:GFP+ cells accumulating at the injury site. Data shown asmean SEM; each
data point representsone animal. p-valuesare basedon a one-wayANOVA (p-value =4.074 10 3)
with a post-hocDunnett test(Many-to-One). (G) Experimental outline to assessthe effectof vehicle
and double-inhibitortreatment7dpi. (H,I) Micrographs of telencephalic sections7days after skull
injury depicting Olig2:GFP+ and Sox10+oligodendroglia after vehicle (H) and inhibitor cocktail
(NBI 74330andCU CPT22) (I) treatment. (J) Graph illustrating the density of Olig2:GFP+ cells
locatedwithin the injured volume aftervehicle and double-inhibitortreatment.An equal volume was
quantified in both conditions (p-valuesis basedon Studentʼs t-testwith equal variances). (K) Scheme
depicting theexperimentaldesign toassessthecapacity of thevehicle and double inhibitors treatment
to resolve glial accumulation. (L,M) Micrographs showing telencephalic sections7days after skull
injury and vehicle (L) or double-inhibitor(M) treatment.White arrows indicate the injury site. Note
that bothvehicle and inhibitor treatmentsfailed to resolve Olig2:GFP+ accumulation. All imagesare
full z-projectionsof confocal stack. The level of the cross-sectionisindicated in the inset. Scale bars in
(L,M) =100 m;scalebars in (B–E,H,I) =20 m.Abbreviations: dpi: days post-injury,Inh: inhibitor.
Symbol description: red triangle: vehicle; dark bluetriangle: Tlr1/2 inhibitor,CU CPT22;greentriangle:
Cxcr3inhibitor, NBI 74330;lightblue triangle: double inhibitors, NBI 74330andCU CPT22.
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The reduction in the number of reactive glial cells accumulating at the injury site after
double-inhibitor treatmentsuggestsa role of thesepathways in the initial induction of the
glial cell reaction, their maintenanceat the injury site,or both. Tofurther disentangle the
role ofTlr1/2 and Cxcr3signaling in themaintenanceof Olig2:GFP+ cells at theinjury site,
we pharmacologically blockedbothpathways after the initial accumulationofOlig2:GFP+
cells at 4dpi (Figure 3K). Once the glial cells had accumulated at the injury site (4 dpi),
interferencewith the activation of both pathways failed to resolve the accumulation of
Olig2:GFP+cells 7dpi (Figure 3L,M), in strongcontrastto the improvement observed in
the early inhibition protocol (Figure 3G,J). Taken together,thesedata support the role of
Tlr1/2 and Cxcr3signaling during the initial phaseof glial accumulation.

Because immunohistochemicalanalysis showed asimilar initial accumulation of glial
cells at the injury siteat 3days following nostril and skull injury (Figure 1N,O), we asked
whether interference with Tlr1/2 and Cxcr3 signaling could alter the accumulation of
Olig2:GFP+ cells in the nostril injury paradigm. To address this question, we treated
nostril-injuredanimals with Tlr1/2 and Cxcr3 inhibitors and assessedthe accumulation of
Olig2:GFP+cells at the injury site (Figure S5K). We observeda similar initial recruitment
of Olig2:GFP+ at the injury site in untreated and vehicle-treatedanimals (Figure S5N).
Importantly, double-inhibitortreatmentdid not interfere with this initial accumulation
ofOlig2:GFP+cells (Figure S5L–N), in agreementwith theabsenceof the transcriptional
signatureindicative of innate immunity activation after thenostril injury.

In conclusion, our data support thehypothesis that therestricted glial responsecorre-
lating with complete tissue restorationand the long-lasting,reactive gliosis rely largely on
different molecular mechanisms.The simultaneousactivation of Tlr1/2 and Cxcr3during
thewound healing period is sufficientand necessaryto induce aprolongedaccumulation of
bothmicroglia/monocytes and Olig2:GFP+ cells at the injury site, leading to a long-lasting,
exacerbatedglial reaction.

3.4. Reductionin Glial AccumulationCorrelateswith Better TissueRecovery
Thereduction in theexacerbatedaccumulationofOlig2:GFP+ andmicroglia/monocytes

after double-inhibitortreatmentfollowing skull injury promptedus to investigate theeffect
of prolonged injury-induced gliosis on brain regeneration by measuring the volume of
the injured tissue (Figure 4A,B). We observed a significant reduction in the size of the
injured tissue 7 dpi after double-inhibitor treatment compared with vehicle treatment
(Figure 4B andVideo S5). This reduction in theinjured volume was notobservedin animals
treatedonly with theTlr1/2 pathway inhibitor (CU CPT22,Figure 4B) thatmaintains the
Olig2:GFP+ cell accumulationbut reducesmicroglial reactivity at 4dpi (Figure S5C,F). This
finding supports thehypothesis that the decreasein the number of reactive Olig2:GFP+
cells at the injury site leads to improved tissue restoration.

We next testedwhether the improved tissue recovery induced by the double-inhibitor
treatmentwas accompaniedby an addition of new, adult-generatedHuC/D+ neurons to
the injured brain parenchyma (restorative neurogenesis).As ependymoglial cells lining
the ventricle surface increasetheir proliferation and generatenew neurons in responseto
an injury [2,33,37],weused BrdU-basedbirth dating to determine whether the decreased
glial reactivity after double-inhibitortreatmentalso correlatedwith improved restorative
neurogenesis. Toassessinjury-induced neurogenesis,BrdU was added to the fishwater
during the first 3 days after injury to label all cells synthesizing DNA; that is, mostly
dividing progenitors. The BrdU-incorporation phase was followed by a 4-daychase
period, allowing progenitor differentiation, and correlating with the resolution of the
glial accumulation upon inhibitor treatment(Figure 4C). We previously showed thatthe
majority ofnewly generatedneuronsin the intact brain (BrdU+ and HuC/D+) reside in
theventricular zone(hemisphereperiphery, Figure 4G) and display very low migratory
potential [47].Therefore,we analyzed the proportion of HuC/D+ and BrdU+ cells residing
outside this neurogenic zone, as we observed the migration of new neurons towards
this area only after injury [47]. Both control and inhibitor-treated animals generated
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similar total numbersof new neurons(HuC/D+ and BrdU+) after injury (Figure 4D–F).
However, we observed a significantly increased proportion of new neurons located in
the brain parenchyma after double-inhibitortreatment(HuC/D+ and BrdU+ located in
theparenchymain respectto all HuC/D+ and BrdU+ cells) (Figure 4G,H). As we did not
observe any difference in the total number of generated neurons between control and
double-inhibitortreatedanimals, our data excludean effectof inhibitor treatmenton injury-
mediated stemcell activation, but rather support the interpretation that the resolution of a
long-lasting,exacerbatedglial reaction contributed to thebetter recruitment, survival, or
integration ofnewly generatedneurons into the injured brain parenchyma.

Figure4. Activation of Tlr1/2 and Cxcr3createsa detrimental environment by inducing oligoden-
droglia accumulation in a microglia/monocyte-independentmanner. (A) Schemeof theexperimen-
tal design to analyze the consequencesof double-inhibitor treatment (NBI 74330andCU CPT22).
(B) Graph illustrating the sizeof the injured volume 7 days after skull injury and vehicle, Tlr1/2
inhibitor (CU CPT22), or double Tlr1/2 and Cxcr3inhibitor (NBI 74330andCU CPT22) treatment.
p-valuesare based on a one-way ANOVA (p-value =1.971 10 4) with a post-hocDunnett test
(Many-to-One). (C) Experimental schemedesigned to study restorative neurogenesisupon different
treatments.(D,E) Imagesdepicting HuC/D+ and BrdU+ cells locatedin theparenchymafollowing
vehicle (D) and double-inhibitor(E) treatment. (F) Dot-plotshowing the total density (whole telen-
cephalon) ofHuC/D+ and BrdU+ after vehicle and Tlr1/2 and Cxcr3inhibitor treatment.p-valueis
basedon WelcH0s t-testwith unequal variances. (G) Diagram illustrating the ventricular zone



Study I 

 38 

 
 
  

Cells 2022,11,520 19of 36

(25 m from the ventricle surface) and the parenchyma (blue area) in the telencephalic region.
Restorative neurogenesiswas measuredby theproportion of newly generatedneurons(HuC/D+ and
BrdU+) that migrated towards theparenchyma with respectto the total number (ventricular zoneand
parenchyma)ofnew neurons.(H) Graph depictingtheproportionofHuC/D+ andBrdU+ cellslocated
in the telencephalic parenchyma after vehicle and Tlr1/2 and Cxcr3inhibitor treatment. p-valueis
basedon Studentʼs t-testwith equal variances. (I) Design of theexperimentalworkflow toanalyze the
effectof Tlr1/2 and Cxcr3inhibitors on accumulation ofOlig2:GFP+ cells aftermicroglia/monocytes
depletion. (J,K) Micrographs depicting the reactivity of Olig2:GFP+ cells after skull injury at 4dpi
with microglia/monocyte depletion and vehicle (J) or Tlr1/2 and Cxcr3 inhibitor treatments(K).
(L) Graph illustrating the density ofOlig2:GFP+ cells at the injury siteat 4dpi following Clodrosome
+Ccr2 (MK-0812)inhibitor treatment (microglia/monocyte depletion protocol), Encapsome (empty
liposomes, control for Clodrosome; ventricular injection) and Clodrosome +Ccr2 + Tlr1/2 (CU
CPT22) +Cxcr3 (NBI 74330)inhibitor treatments. The decrease in Olig2:GFP+ cell accumulation
after Tlr1/2 and Cxcr3inhibitor treatmentwas maintained in microglia/monocyte-depletedbrain.
p-values are based on a one-way ANOVA (p-value = 7.957 10 3) with a post-hocTukey Test
(All Pairs). (M) Design of the experimentalprotocolused to analyze injury-induced neurogenesis
(BrdU-based birth dating) in microglia/monocyte-depletedbrains treatedwith vehicle or Tlr1/2 and
Cxcr3inhibitor cocktail. (N,P) Micrographs of injured telencephalaat 7dpi showing the generation
of new neurons(HuC/D+/BrdU+) aftervehicle (N) and Tlr1/2 and Cxcr3inhibitor (P) treatmentin
microglia/monocyte-depleted brains. (O,O0,Q,Q0) are magnifications of theareasboxedin (N,P),
respectively. White arrowheads depictdoubleHuC/D+ and BrdU+ cells. Thelevel of thecross-section
is indicated in the inset. (R) Graph depicting theproportion of HuC/D+ and BrdU+ cells located
in the telencephalic parenchyma after vehicle and Tlr1/2 and Cxcr3inhibitor treatment. p-valueis
basedon Studentʼs t-testwith equal variances. All images are full z-projectionsof aconfocal stack.
Data are shown asmean SEM; eachdata point representsoneanimal. Scale bars in (N,P) =100 m;
scale bars in (D,E,J,K,O,O0,Q,Q0) = 20 m. Abbreviations: dpi: days post-injury; Veh: vehicle;
Inh: inhibitors. Symbol description: red triangle: vehicle; dark blue triangle: Tlr1/2 inhibitor, CU
CPT22; light blue triangle: double inhibitors, NBI 74330andCU CPT22; orangetriangle: ventricular
Clodrosome injection;purple triangle: intraperitoneal Ccr2 inhibitor injection, MK-0812.

3.5. Microglia/Monocytes DepletionDoesNot Alter theInnate Immunity-RegulatedAccumulation
ofOlig2:GFP+ Cellsat theInjury Site

The simultaneousinhibition of Tlr1/2 and Cxcr3improved tissueregeneration.How-
ever, decreasing only 4C4+ cell reactivity with the Tlr1/2 inhibitor without changing
Olig2:GFP+ cell accumulationshowed nobeneficialeffecton infarct tissuevolume (Figure 4B).
Thesedata suggestthat microglia/monocytes might beunnecessary for theglial response
regulated by theTlr1/2 and Cxcr3signaling pathways. Todirectly assessthis hypothesis,
we analyzed the accumulationof Olig2:GFP+ cells at the injury site in brains depleted of
microglia/monocytes. A combinationof Clodrosomeand a Ccr2 inhibitor prior to skull
injury depleted 95% of 4C4+cells (microglia and infiltrating monocytes,Figure S6C–F).
The 4C4-freeconditionwas then maintained by continuously blocking monocyte extrava-
sation through Ccr2 inhibitor (Figure S6G–I) during the restrictedtime window when
the Tlr1/2 and Cxcr3 pathways induced the long lasting reaction of Olig2:GFP+ cells
(Figures 2I and 3A–F,K–M). Initial microglia/monocytedepletiondid notalter Olig2:GFP+

cell accumulation at 4 days after skull injury compared with the control Encapsome
treatment (Figures 4I,J,L and S6J,K). Importantly, the inhibition of Tlr1/2 and Cxcr3
successfully blocked the prolonged, exacerbated accumulation of Olig2:GFP+ cells in
microglia/monocyte-depleted brains (Figure 4K,L) to thesameextenttheseinhibitors pre-
vent theaccumulation of Olig2:GFP+ cells in brains populated with microglia/monocytes
(compare double inhibitor in Figures 3F and 4L. Consistentwith this, our expressionanal-
ysis of FACS-purified Olig2:DsRed+ cells (labeling the sameoligodendroglia population
as Olig2:GFP+) showed that they expressCxcr3 (Cxcr3.2and Cxcr3.3) and Tlr2 (Tlr18)
isoformsin both intact and injured brains (Figure S6L). Moreover, theRNAscope analysis
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revealed the expressionof genesinvolved in both innate immune pathways (Cxcr3.2,Tlr8b,
MYD88 and Mxc) in theOlig2:GFP+ population afterskull injury (Figure S6M–R). These
data support the conceptthat the activation of microglia and/or invading monocytesis not
necessaryfor Tlr1/2 and Cxcr3injury-inducedoligodendroglial reactivity and their initial
accumulation at the injury site in zebrafish.

We next testedthe effectof microglia/monocytes depletion on the restorative neuro-
genesis.Tothis end, we combined thedepletion protocol with the BrdU-basedneuronal
birth dating used previously (Figure 4M). The initial depletion of injury-activated mi-
croglia/monocytes did not alter incorporation of new neurons (Figure 4N–O0) compared
with untreatedcontrol animals (compareVeh in Figure 4H,R), supporting thehypothesis
that the activated microglia/monocytes are not the only populations contributing to the
adverse environment, restricting new neuron recruitment. Importantly, the inhibition of
the Tlr1/2 and Cxcr3 pathways in microglia/monocyte-depletedbrains still improved
the addition of new neurons(Figure 4M–R), similar to the beneficial effectsobserved in
animals with an intact immune systemand further associating the beneficial effectsof the
double-inhibitortreatmentwith the resolution ofprolonged Olig2:GFP+ cell accumulation.

Takentogether,our results support thehypothesis that theTlr1/2 and Cxcr3pathways
promote the accumulation of Olig2:GFP+ cells at the injury site and the injury-induced
impairment of neuronal recruitment to the injury.

3.6. Olig2:dsRed+Cells Activate Both Innate Immunity Pathways andTranscription Programs
Involved in Cell Proliferation in Responsetoan Injury

In order to understand the regulatory mechanismsof accumulation of Olig2:GFP+

cellsdownstreamof innate immunity pathways after skull injury, we analyzed the injury-
induced transcriptomic changes in Olig2:dsRed+ cells (enriched for OPCs [82]) acutely
isolated fromtheinjured zebrafishtelencephalon3days aftereither vehicle or inhibitor treat-
ment. We observed 1649significantly regulated transcripts in dsRed+ cells after injury in
vehicle-treatedbrains comparedwith intact brains (Figure S7A). Interestingly, a minority of
transcriptswere downregulated (114),suggestingthatupon injury OPCs still maintain their
oligodendrocyte lineage identity and gain additional features,leading to their reactivity.
The distribution of upregulated genesin the biological pathways (Panther-basedanalysis)
revealed theactivation ofFGF-, EGF-, PDGF-signaling pathways (Figure S6B), which have
previously beenimplicated in theproliferation ofOPCs [83–86].In line with thoseactivated
pathways, GO term analysis revealed an enrichmentof the processesinvolved in reactive
gliosis, such as cell migration and responseto cytokines and chemokines (Figure S7C).
Surprisingly, most of the enriched GO terms were related to inflammation (63% of all
enriched terms,Figure S7C), including the activation of innate immunity. Importantly, the
genesbelonging tobothcytokine and toll-like receptor signaling were upregulated in re-
sponseto injury (Figure S7B,C; TableS7). Moreover, 45% of ECM-related genesspecifically
regulated at 3days after skull injury in the entire telencephalonwere also regulated in the
Olig2:dsRed+ cell population (Figure S7D). This unbiasedtranscriptomeanalysis further
corroboratedour hypothesis that cellsof theoligodendrocyte lineage activate molecular
pathways of the innate immune response,including Tlr2 and Cxcr3,which allows their
microglia/monocyte-independentreaction and accumulation at the injury site.

The transcriptomic changes after skull injury, supporting the activation of innate
immunity pathways directly in Olig2+ cells, prompted us to further analyze the effect
of the inhibitor cocktail on gene expressionin Olig2+ cells isolated from injured brains.
Interestingly, the inhibitor treatmentdid not changethe overall transcriptome of Olig2+

cells. Approximately 80% of regulated transcripts after inhibitor treatment were also
regulated in vehicle-treatedbrains (Figures 5A and S7A,E). This suggeststhat the inhibitor
cocktail treatment did not change the overall transcriptome of Olig2:dsRed+ cells, but
rather restrictedregulatory pathways involved in their long-termreactivity. Importantly,
bothcytokine receptor signaling and toll-like receptorsignaling were no longer regulated
in Olig2:dsRed+ cells after inhibitor treatment (Figure 5A,B; Table S8). However, the
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regulation of number of biological processeslinked to the immune response was still
present (Table S9). A comparison of injury-regulated genesin Olig2+ cells isolated from
vehicle-and inhibitor cocktail-treatedbrains identified a setof 510genes(597transcripts)
exclusively regulated afterbrain injury and vehicle treatment(Figure 5A) and, therefore,
were likely involved in reactive gliosisdownstream of the Tlr1/2 and Cxcr3pathways.
Thesegeneswere overrepresented in GO termsrelated toproliferation and cell migration
(Figure 5B, TableS9), both being biological processesat the coreof the oligodendroglial
reaction to injury and prolonged gliosis in mammals [87,88].

3.7. RegulationofOligodendrocyteProgenitorCell Proliferation byTlr1/2andCxcr3Signaling
Transcriptomedata support therole ofTlr1/2 and Cxcr3signaling pathways in the

direct regulation of OPC proliferation leading to persistent accumulation at the injury
site. Therefore, we first assessedthe proliferation of Olig2:GFP+ cells after skull injury
in the zebrafish telencephalon. Accordingly, we labeled all cells undergoing S-phase
by BrdU within 5days after the injury to find out if the proliferation contributesto the
observed accumulation of oligodendroglia at the injury site (Figure 5C). As expected,
we observed an accumulation of Olig2:GFP+ cells at the injury site, indicating that the
BrdU treatmentdid not alter thebehavior ofOlig2:GFP+cells. Importantly, we observed
that 45% of all Olig2:GFP+ cells at the injury site were BrdU+ and hencewent through
at least one cell cycle during 5days of labelling (Figure 5D–F), supporting the concept
that theOlig2:GFP+ accumulation at the skull injury site was, at least in part, achieved
by the increasedproliferation of progenitor cells labelled by Olig2:GFP transgenic line
(OPCs). We nextanalyzed if theseaccumulatedOPCs further differentiated into mature
oligodendrocytes.We made useof the transgenicline Tg(Mbp:nls-GFP) [77]and a BrdU-
basedbirth dating protocol to identify the proportion of the injury-activated OPCs that
matured into oligodendrocytes 7days after the skull injury (Figure S7F). We observed
neither a significant increasein the total number ofoligodendrocytes nor an increasein the
proportionof newly matured,BrdU+oligodendrocytes upon skull injury (Figure S7G–K),
supporting the concept that OPCs and not mature oligodendrocytes accumulate at the
injury site [25].

Next, we analyzed whether the inhibitor cocktail treatmentmay alter theproliferation
of Olig2:GFP+ cells asthe cellular basisfor reduction in their accumulation at the injury
site. As Olig2:GFP+ cells display thefirst signsof exacerbatedreactivity 3days after skull
injury, yet without the significant changein total numberof Olig2:GFP+ cells,we analyzed
theproliferation ofOlig2:GFP+cells 3dpi after vehicle and inhibitor treatment(Figure 5G).
This experimentrevealed a significant reduction in thetotal numberof BrdU+Olig2:GFP+
cells after inhibitor cocktail treatmentcomparedwith thevehicle treatment(Figure 5H–L).
Toconfirmtheactivation of Tlr1/2 and Cxcr3pathways directly in OPCs, we made useof a
murine OPC culture system.Moloney murine leukemia virus (MLV)-based clonal analysis
was performed in pure primary OPC cultures isolated fromP0 mousecerebralcortexafter
vehicle or double-inhibitortreatment(Figure 5M). OPCs were permanently labeledwith
GFP expressingretrovirus and the size of clones produced by transduced progenitors
within 5days was measured(Figure 5N–P). Double-inhibitortreatmentreduced theGFP+
clone sizeproduced by OPCs, supporting adirect roleof Tlr1/2 and Cxcr3pathways in
OPC proliferation(Figure 5P).

Taken together, our data indicate a direct role of Tlr1/2 and Cxcr3 pathways in
regulating Olig2+OPC proliferation to achieve long-lastingaccumulation at the injury site
in the zebrafishtelencephalon.
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Figure5. Transcriptomeanalysis of zebrafisholigodendrocyte lineage reveals theactivation of innate
immunity and cell cycle pathways after skull injury. (A) Venndiagram ofgenesregulatedat 3dpi in
Olig2-GFP+cells after vehicle (red) and Tlr1/2 and Cxcr3inhibitor (cyan) treatment.(B) Histogram
depicting GO biological processtermssignificantly enriched (p-valuesindicated on bars) in agene
set (597genesin (A)) normalized after inhibitor treatmentand thereforeregulated exclusively after
vehicle treatment. GO termsrelated toinflammatory responseare shown by gray bars; patternedbars
indicate processespreviously reported tobeactivated in responseto injury. Note that both innate
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immunity and cytokine-mediated signaling pathways are normalized upon inhibitor treatment.
(C) Schemedepicting theexperimentaldesign to analyze the proliferative capacity of Olig2:GFP+

cells during the first 5days after skull injury. (D) Micrograph of injured section5days after skull
injury stained for GFP and BrdU. (E,E0) Magnification of theoligodendroglial accumulationboxed
in (D). Double Olig2:GFP+ and BrdU+ cellsaremarkedwith white arrows. (F) Graph illustrating the
proportion of Olig2:GFP+ and BrdU+ cells locatedat the injury siteand in an equivalent uninjured
volume in the samesection. Note that 45% of the Olig2:GFP+ cells at the injury site proliferated
after skull injury. (G) Schemeof theexperimental designto assesstheproliferation of Olig2-GFP+

cells after vehicle and inhibitors treatment. (H,J) Images of telencephalic sections3days after skull
injury and BrdU bathwith vehicle (H) and double inhibitors(J) treatments.(I,K) Micrographswith
orthogonal projectionsof proliferating (BrdU+) Olig2:GFP+ cells after vehicle (I) and Tlr1/2 and
Cxcr3inhibitor (K) treatment.(L) Graph depicting thedensity ofOlig2:GFP+ and BrdU+ cells 3dpi
in vehicle and Tlr1/2 and Cxcr3inhibitor treated animals. (M) Experimental design to measurethe
clonal growth of murine OPCs primary culturesafter vehicle and Tlr1/2 and Cxcr3inhibitor cocktail
treatment. OPCs were permanently labeled with GFP expressingretrovirus. (N,O) Micrographs
depicting OPC derived clones5days afterretroviral infection in vehicle (N) and Tlr1/2and Cxcr3
inhibitor (NBI 74330andCU CPT22) cocktail (O) treatedprimary OPCs culture. (P) Graph depicting
the frequency ofdifferent clonesizesin the vehicle (CTR) and Tlr1/2 and Cxcr3inhibitor cocktail
(INH) treatedprimary OPCs culture. Data areshown asmean SEM; eachdata point representsone
animal. p-valuesarebasedon Studentʼs t-testwith equal variances. All imagesare full z-projectionsof
a confocal stack. The level of the cross-sectionisindicated in the inset. Scale bars in (D,H,J) =100 m;
scale bars in (N,O) =50m,scale bars in (E,E0) =20 m;scale bars in (I,K) =10 m. Abbreviations:
dpi: days post-injury;Veh: vehicle; Inh: inhibitors; OPC: oligodendrocyte progenitorcell. Symbol
description: Triangle: skull injury; blue square:uninjured volume; red triangle: vehicle; light blue
triangle: double inhibitors, NBI 74330andCU CPT22; black square: control primary OPCs; red circle:
double inhibitor (NBI 74330andCU CPT22) treatedprimary OPCs.

3.8. CerebrospinalFluid InducesExacerbatedGlial Reactivity by IncreasingOPC Proliferation
Toidentify thesourceand natureof the ligands activating the prolongedaccumulation

of OPCs after brain injury, we first examinedthe sizeof the skull versus nostril injury. As
thevolume of theskull injury was larger than thenostril injury (Figure 6A), we first setout
to determine whether this was the causeof thereactive gliosis. We reduced the volume
of the skull injury to one-third(small skull injury) using the sameglass capillary as for
the nostril injury (Figure 6B). The small skull injury still induced a strong reactivity of
both4C4+and Olig2:GFP+ cells 7days after the injury (Figure 6C,D). This reaction was
comparable to the outcomeof the initial skull injury, allowing us toexclude the sizeof the
injury asa majordeterminant of differential glial reactivity.

We nexthypothesized that an injury-induced ligand that activates the exacerbated
reaction must be present only after skull injury. The telencephalic ventricle is located
dorsally in the zebrafishbrain [78,79]and, therefore, is exclusively damaged during the
dorso-ventrallyperformed skull injury. Cerebrospinal fluid (CSF), which is confinedto
the ventricles, is rich in cytokines and growth factors that maintain normal homeostasis
and nurture thebrain; however, direct interaction with the brain parenchyma is restricted
and regulatedby theCSF–brain barrier [80].Rupture of theventricular barrier mightallow
an influx of CSF-derived molecules into the brain parenchyma, potentially explaining
the activation of the Tlr1/2 and Cxcr3 pathways only after skull injury. Tovalidate the
potential of CSF to induced OPC reaction,we injectedhuman CSF in thenostril injury site
and analyzed glial reactivity (Figure 6E). Notably, we observed an 8-foldincreasein the
number of Olig2:GFP+cells accumulating at the injury site (Figure 6F,M). As we inject the
human CSF, the observed reaction could bea result of xenobioticresponse.Therefore,we
heat-inactivatedthe human CSF and probedits capacity to induce the reactionof OPCs in
the nostril injury. Importantly, the dramatic CSF effectwas not observedupon theadminis-
tration heat-inactivatedhuman CSF (Figure S8) Moreover, the administration of thehuman
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plasma containing many of theCSF componentsfailed to induce the response(Figure S8),
indicating that theprolongedOPC reactivity was not due toxenobioticinflammation or
misfolded proteins present in the CSF. The extraordinary potential of theCSF to induce
exacerbatedgliosis prompted us to investigate the cellular basis for the Olig2:GFP+ cell
accumulation in responseto theCSF. As the accumulation of OPCs after a skull injury was
achieved, at least in part, by an increasedproliferation of OPCs (Figure 6C–F), we assessed
whether the proliferation of Sox10+cellswas also induced by the CSF injection into the
nostril injury site (Figure 6G). Indeed, we observedthat themajority of Sox10+cellsaccumu-
lating around the injury site incorporatedBrdU during theinitial 3days after the injury and
CSF administration (Sox10+andBrdU+ cells in respectto all Sox10+cells) (Figure 6H,H0,J).
The induced proliferation was not, however, observed after theinjection of heat-inactivated
CSF (Figure 6I,J), in line with thesignificantly smalleraccumulationof Olig2:GFP+cells at
the injury siteobservedafter heat-inactivatedCSF treatment(Figure S8C,D). The similarity
in OPC reactioninduced by CSF injectioninto thenostril injury and theskull injury moti-
vated us toassesswhether CSF-induced accumulation ofOPCs involved theactivation of
theTlr1/2 and Cxcr3pathways. Therefore,we inhibited theTlr1/2 and Cxcr3pathways
togetherwith theadministrationof human CSF afternostril injury (Figure 6K). Importantly,
the accumulation of Olig2:GFP+ cells was prevented upon Cxcr3 and Tlr1/2 inhibition,
despite the accessibility of theCSF at theinjury site (Figure 6L,M). Takentogether,these
data suggestthat theOPC accumulation observedupon skull injury is likely triggeredby
leakageof CSF into the brain parenchyma and the subsequentactivation of theTlr1/2 and
Cxcr3pathways.

Toidentify potential ligands activating innate immunity pathways in the CSF, we set
up anin vitro systemthatrelayson theproliferationofa murine OPC cell line (OliNeu). Im-
portantly, the addition of CSF to the OliNeu culture medium induced a dose-dependentin-
crease in the proportion of proliferating, phospho-histone H3 (pH3) positive cells
(Figure 7A–D), in line with our datathathumanCSF candirectly regulateOPC prolifera-
tion in vivo (Figure 6J). Moreover, this dose-dependentresponsewas completely abolished
in the double Tlr2 and Cxcr3knockout clonesgeneratedusing CRISPR-Cas9 technology
(Figures 7D,Q and S9). Theseresultsnot only confirmed the pivotal role ofTlr2 and Cxcr3
signaling in the CSF induced proliferation of OPCs, but also additionally validated the
specificity ofour pharmacological inhibitor treatmentin vivo.

As cytokines have beenreported to activate both Cxcr3and Tlr2 signaling [61,65,81],
we first studied the composition of four healthy donor-derived CSFs using a cytokine
antibody array (Figure 7E,F). It is important to mention that all four samples increased
proliferation in vivo. Strikingly, 90% of the analyzed cytokines were presentin at leastone
of the samplesand 57% in all four samples(Figure 7E,F).

Out of thesecytokines, we pre-selected30potential candidates (Figure 7E; TableS3)
that were present in at least one CSF sample and available as recombinant protein for
further functional screeningusing OliNeu proliferation as a read-out(Figure 7G). We used
threedifferent concentrationsof theselectedcandidates and sixof them(Ccl5, EGF, Ccl7, IL-
10,Cxcl9and IL-3) significantly increased the proportion of mitotic pH3+cells (Figure 7G),
including a known Cxcr3 ligand (Cxcl9). Interestingly, somecandidates such asCxcl9were
not detectedin all CSF samplesdespite the ability of all four CSF samplesto induce the
accumulation ofOlig2:GFP+cells, suggestingredundancy of ligands in their capacity to
activate OPC proliferation. Takentogether,our data suggestthat the CSF cytokines activate
the innate immunity to regulateOPC proliferation in a redundantmanner and therefore
regulate thereactive gliosis.
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Figure 6. Cerebrospinal fluid-derived molecules induce the proliferation of OPCs and a reactive
gliosis-likephenotype. (A) Graph depicting the sizeof theinjured volume after skull, nostril, and
small skull injury at 1dpi. p-valuesare basedon a Welch one-wayANOVA (unequal variances;
p-value=3.034 10 4) with a post-hocDunnettT3testwith unequal variances (all pairs). (B) Scheme
depicting thesmall skull injury model. Nostril and small skull injuries were performedwith a glass
capillary. The red line indicates the dorso-ventralinjury through the skull and blue indicates the
locationof the telencephalicventricle. (C) Image illustrating the reactivity ofOlig2:GFP+ and 4C4+

cells 7days after small skull injury. (D) Magnification of theoligodendroglial accumulation boxed
in (C). (E) Design of theexperimentalworkflow to analyze theeffectof humanCSF administration.
(F) Image illustrating the reactivity of Olig2:GFP+ cells 3days afternostril injury and hCSF treatment.
White line depicts the injury site. (G) Experimental design to analyze the proliferative capacity
(BrdU incorporation) of Sox10+cellsafter nostril injury at 3dpi and hCSF or heat-inactivatedhCSF
administration. (H–I0) Images showing the accumulation of Sox10+and BrdU+ cells at the nostril
injury site afterhCSF (H,H0) or heat-inactivatedhumanCSF (I,I0) administration.White lines depict
the injury site and white arrowheads the colocalizationof BrdU and Sox10.(J) Dot-plotdepicting
the proportion of Sox10+and BrdU+ cells accumulating at the nostril injury site after hCSF or
heat-inactivated hCSF administration. p-value is based on Studentʼs t-testwith equal variances.
(K) Workflow to study the effect of the Tlr1/2 and Cxcr3 inhibitor treatment after human CSF
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injection. (L) Micrograph of anostril-injuredtelencephalonat 3dpi depicting Olig2:GFP+ cell reactiv-
ity following human CSF and inhibitor treatment.The white line depictsthe injury site. (M) Graph
showing the density of Olig2:GFP+ cells at the injury site at 3 dpi after nostril injury, treatment
hCSF, and treatment with hCSF and double-inhibitor. p-valuesare based on one-way ANOVA
(p-value=1.042 10 6) with post-hocTukey Test(all pairs). Data are shown as mean SEM; each
data point represents one animal. All images are full z-projectionsof confocal stack. Scale bars in
(C) =100 m;scale bars in (D,F,H,H0,I, I0,L) =20 m. Abbreviations: dpi: days post-injury;hCSF:
human cerebrospinalfluid; Inh: inhibitors; N3d; nostril 3dpi. Symbol description: black triangle:
skull injury; black circle: nostril injury; black rectangle: small skull injury; red circle: human CSF
administration; blue circle: heat-inactivatedhCSF treatment;light blue circle: double inhibitors, NBI
74330andCU CPT22.

Figure 7. In vitro screening to identify potential candidates from the human cerebrospinal fluid
inducing OPC proliferation. (A–C) Micrographs illustrating theproportionof proliferating (pH3 pos-
itive) cells in a controlwildtype (WT) (A,B) and Tlr2 and Cxcr3-deficient(C)OliNeu oligodendrocyte
progenitor cell line in basal conditions (A) and in responseto the CSF treatment(B,C). (D) Dot-plot
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depicting theproportion of proliferating WT and Tlr2 and Cxcr3-deficientOli-Neucells afterCSF
treatment. The line indicates the corresponding linear data-fit. Data are shown asmean SEM;
eachdata point representsone independent experiment. Adjusted p-valuesassessthe quality of the
linear fit for theWT clone (black) and difference in the slopesof the linear fits (color-coded)using
the linear regressionmodel. (E) Tableshowing the map of the array in (F). Color-codeillustrates
thepresenceof eachcytokine in CSF samples(White: negative in all samples;Green: positive in all
samples;Blue: positive in 3out 4samples;Orange: positive in 2out of 4samples;Magenta: Positive
in 1out 4samples). Cytokines namescolored in red or yellow were selectedfor thescreeningin (G).
(F) Representative imageof a cytokine antibody array depicting thecytokine compositionof a healthy
donor-derivedCSF. (G) Dot plot depicting proliferationofOli-Neu cellsafter treatmentwith different
cytokines and CSF. Scale bars in (A–C) =50mAbbreviations: hCSF: human cerebrospinal fluid.
Symbol description: Black diamond: control OliNeu cells; greensquare: Tlr2 and Cxcr3-deficient
clone 1;red squareTlr2 and Cxcr3-deficientclone 2;red circle: human CSF administration.

4. Discussion
Despite the general agreementthat mammalsexhibit a limited regenerative capacity

afterCNS trauma, it remainscontroversial which specificcellular and molecular mecha-
nisms trigger the long-lastingglial reaction that in turn, negatively impact theendogenous
regeneration. Comparative studies analyzing the regenerationof competentand incompe-
tent specieshave failed to identify the specificmechanismsinvolved in the pathogenesisof
traumatic injuries [89–94],even after comparing evolutionarily closespecies[95–97].This is
due to the complexity of thewound healing responsethat involves a numberofmolecular
pathways and different cell types [9,34].There hasbeena long-heldbelief that microglia
and astrocytes are at the coreof the poor regenerative outcome [98,99].However, recent
studieshave challenged this concept[5,14].Ablation ofmicroglia upon CNS injury failed
to improve neuronal survival and functional recovery and in somecases,even worsened
the regenerative outcome [100,101].Astrocytic activation after trauma appeared to bemore
complexthan originally expected.Microglia-induced inflammation regulatestheactivation
of differenttypesof reactiveastrocytesnamed“A1” and “A2” [18].While A1 displayed a
neurotoxicphenotype, A2 astrocytesappeared to exertneuroprotective functions [64]. The
differential activation of A1 and/or A2 astrocytesmight explain the controversy aboutthe
functional consequencesof astrogliosis and whether reactive astrocytespromote endoge-
nousregenerationor contribute to thedetrimental reactive gliosis. Surprisingly, and despite
their rapid and robustreactionto injury, it is largely unknown how the oligodendrocyte
progenitors(OPCs) fit in this inflammatory cascade.Tostudy the role ofOPCs during the
wound healing process,we performed a comparative analysis of two injury paradigms
displaying differential OPC reactivity in thesameorganandmodelorganism. In contrastto
thepreviously describednostril injury of brain parenchyma [33,37,38],skullinjury showed
moresimilarities to theglial responsereported in mammals,such asprolonged OPC accu-
mulation, lack of tissue restoration, extracellular matrix modifications, and exacerbated
inflammatory response [34,102].

Comparative analysis (nostril vs. skull) revealed asharedcellular reactionand large
overlap in gene regulation shortly after injury, highlighting the commonfeaturesof the
initial wound healing processesregardlessif it is associatedwith prolonged, exacerbated,or
restrictedglial reactivity [9]. Importantly, a unique molecular signature,including specific
innate immunity pathways, was expressed3days after the skull injury, correlatingwith
the first signs of the exacerbatedglial reaction. These pathways were never regulated
during the nostril wound healing, validating the theory that theprolonged,reactive gliosis
is induced by a specific molecular program independent of the initial wound healing
response[19]. Our study doesnot support the concept that the regenerative capacity of
theCNS is an evolutionarily fixed feature of agiven species[103,104];rather,it is a highly
regulated, adaptive responseto a specifictype of injury. This concept is sharedwith skin
regeneration, in which the depth of the injury determines thescar response[105].
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We identified two receptors, Tlr1/2 and Cxcr3, as main regulators of the exacer-
batedglial reactivity. Interestingly, the inhibition of eitherof thetwo pathways separately
showed no beneficial effect,whereas the activation of either Tlr2 or Cxcr3 in the nostril
paradigm was sufficient to induce gliosis. Hence, bothsignaling pathways control reactive
gliosis in a redundant and synergistic manner. As previously discussed, the complex
cross-regulationof immune cells (monocytes and microglia) and astrocytes after brain
injury is crucial for the regenerative outcome [19,106–108].The classical inflammatory
cascadeis initiated by activation and polarization ofmicroglia and invading monocytes.
Consequently, thesecells regulate the reactivity of astrocytesthat, in turn, limits the in-
flammatory response [17,19,109,110].However, our data demonstrate, for the first time,
that microglia/monocytes are not essential for the initial activation of OPCs and that
the Tlr1/2 and Cxcr3pathways can bedirectly regulated in this population. Our study,
therefore, brings forth a new concept that OPCs can sense and react to injury-induced
signals independent ofmicroglia and invading monocytes.However, we cannot exclude
any involvement ofmicroglia/monocytes in other aspectsof thewound healing. As we
did not perform cell-specificinterference and becauseboth receptorsare expressedin sev-
eral cell types (microglia/monocytes [111,112];astrocytes[113,114];oligodendroglia [114];
neurons [113,115]),wecannot exclude the possibility that other cell types contribute to the
induction ofthewound closurevia theTlr1/2 andCxcr3signalingpathways. However, our
knockout in vitro model validated the role of theTlr2 and Cxcr3pathways in directly acti-
vating OPC proliferationandhence,demonstratedthat they areclearly involved in acrucial
manner in the reactive gliosis. Moreover, the improvement in tissue recovery (reduced
injured volume and enhanced restorative neurogenesis) observed after double-inhibitor
treatmentcorrelatesnicely with a reduction in thenumber of accumulating Olig2+ cells.
Our data support thehypothesis that thedetrimental environment classically associated
with the reactive gliosismight bedriven specifically by reactiveOPCs.

The central role of the Tlr1/2 and Cxcr3 pathways in regulating gliosis and tissue
restorationmotivated us to investigate injury-induced mechanisms.Our study suggests
that the ligand(s) activating the Tlr1/2 and Cxcr3pathways arepart of theCSF that leaks
into theCNS parenchymaupon traumatic injury [116].The capability of theCSF todirectly
induce OPC proliferation in a Tlr2 and Cxcr3-dependentmanner,further corroboratesthe
pivotal role ofOPCs in initiating the long-lastingglial responseand generatinga harmful
environment. Although thespecificCSF-derived molecule/s driving the reactive gliosis
in vivo remain unidentified, our in vitro screening suggeststhat someof the cytokines
presentin theCSF could beresponsiblefor theOPC activation induced by the traumatic
brain injury. Thesedata support a central regulatory role of CSF in controlling notonly the
activation of neural stemcells in the intact brain, but also theactivation stateof CNS glia
after injury [117,118].Overall, our work highlights novel pathways in exacerbatedOPC
activation aspotential targetsfor developing efficient therapiesimproving regenerationin
themammalian brain.

SupplementaryMaterials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11030520/s1,Figure S1. Immune cell reactivity after nostril
and skull injury. (A,C) Images of Lys+ neutrophils and4C4+cells accumulating at the injury site 12h
(A) and 2days (C) after thenostril injury. (B) Magnification of theboxedarea in A. The numberof
neutrophils locatedin the telencephalicparenchyma already decreasedat 2dpi. (D,E) Imagesof Lys+
neutrophils and 4C4+cells 12h (D) and 2days (E) after theskull injury. Note that already 12h after
theskull injury neutrophilswere distributed throughoutthewhole parenchyma and they maintained
suchdistribution even after 2days. (F–H000)Micrographs illustrating thedistribution and morphology
of 4C4+,L-plastin+ and Mpeg1:mCherry+ cells in intact condition (F–F000),3days after nostril (G–G000)
and 3days after skull (H–H000)injury. Note that mostof themicroglia in the intact brain co-expressed
all three markers, although 4C4+single-expressingcells can be often observed (yellow arrows).
Both nostril (G–G000)and skull injury (H–H000)changed themorphology and expressionpattern of
microglia/monocytes. (I–L) Micrographs illustrating theOlig2:GFP (I,K) and 4C4(J,L) reactivity
1day after skull (I,J) and nostril (K,L) injury. White lines outline the injured area.All imagesare full
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z-projectionsof a confocal stack. Scale bars in A, C, D, E, I, J, K and L =100 m;Scale bars in B, F,
F0, F00,F000,G,G0, G00,G000,H, H0, H00,H000=20m. Abbreviations: dpi: days post-injury; hpi: hours
post-injury. Symbol description: black rectangle: intact; black triangle: skull injury; black -circle:
nostril injury. Figure S2. Nostril injury does not induce long-lastingaccumulation of Olig2:GFP+

cells in the zebrafishtelencephalon. (A) Experimental design toanalyze the kinetics and reactivity of
the Olig2:GFP+ cell population after sagittal sectioning. (B–D) Micrographs of sagittal telencephalic
sectionsat 1day (B), 3days (C) and 7days (D) after nostril injury illustrating the 4C4and Olig2:GFP
reactivity. (E) Dot plot comparing the density of Olig2:GFP+ cells located at the injury site after
coronal (data presentedin Figure 1N) and sagittal sectioning. Data are shown asmean SEM; each
data point represents one animal. p-valuesare basedon one-way ANOVA (p-value =2.419 10 6

and Multiple Comparisons ofMeans (adjusted p-valuesreported,single-stepmethod)was performed.
All images are full z-projectionsof confocal stack. Scale bars in B, C, D, =100 m. Abbreviation: dpi:
days post-injury.Figure S3. Reactivity of Gfap+ ependymoglia after nostril and skull injury in the
zebrafishtelencephalon. (A) Image of an uninjured telencephalic sectionfrom theTg(gfap:GFP) line.
White arrow indicatesthe basmentmembrane.(B,D) Micrographs of nostril (B) and skull (D) injured
sectionsat 3dpi illustrating the reactivity of 4C4+and Gfap:GFP+ cells. C and E are magnifications
from the boxedareas in (B,D). (F,G) Images depicting the reactivity of Gfap:GFP+ cells at 7 days
after nostril (F) and skull (G) injury. Note that 7days afterskull injury, the ependymoglial cell layer
is restored. (H) Magnification of the injured areaboxedin (G); white arrows illustrate misplaced
Gfap:GFP+ cells and arrowheads depict hyperreactive Gfap:GFP+ processes. All images are full
z-projectionsof confocal stack. Insets indicate the rostro-caudallevels of the sections. Scale bars in
A, B, D, F and G =100 m;scale bars in C, E and H =20 m. Abbreviation: dpi: days post-injury.
Symbol description: black rectangle: intact; black triangle: skull injury; black circle: nostril injury.
Figure S4. Activation of Tlr1/2 innate immunity pathways induces prolonged accumulation of
Olig2:GFP+ cells after nostril injury. (A) Histogram illustrating the expressionlevel of Tlr2 in the
intact and injured adult zebrafishtelencephalonmeasuredby qPCR. Data are shown asmean SEM
(n =3 animals). (B) Scheme of the experimental design to identify receptor mediating zymosan A
effect. (C,E) Micrographs of zymosanA-treatedtelencephalic sectionsof the Tg(Olig2:GFP) line 5days
after nostril injury and vehicle (C) or Tlr1/2 inhibitor (E) treatment.(D,F) are magnificationsof the
boxedareasin (C,E), respectively. (G) Graph depicting thedensity of Olig2:GFP+ cells located at the
injured area after aCSF, zymosan A, and zymosanA and Tlr1/2 inhibitor treatment.Data areshown
as mean SEM, each data point representsone animal. p-valuesare basedon aone-wayANOVA
(p-value =1.312 10 5) with a post-hocTukey Test. All images are full z-projectionsof confocal stack.
Inlets indicate the rostro-caudallevels of the sections. Scale bars in C and D =100 m;scale bars in D
and F =20 m. Abbreviations: N3d: nostril 3days post-injury; S3d: skull 3days post-injury; aCSF:
artificial cerebrospinalfluid; Inh: inhibitor. Symbol description: black circle: nostril injury; red circle:
intraperitoneal injection of vehicle; dark blue circle: intraperitoneal injection of Tlr1/2 inhibitor, CU
CPT22; orange circle: ventricular zymosan A injection; orangerectangle: aCSF. Figure S5. Innate
immunity pathways and glial reactivity 4days afterskull and nostril injury. (A) Experimental outline
to assessthe reactionof 4C4+cells after skull injury with vehicle, Tlr1/2 inhibitor (CU CPT22), Cxcr3
inhibitor (NBI 74330)andCxcr3and Tlr1/2 inhibitor (NBI 74330andCU CPT22) treatment.(B–E)
Micrographs depicting telencephalic sections4days after skull injury stained for 4C4after vehicle
(B), Tlr1/2 inhibitor (C), Cxcr3inhibitor (D) and doubleTlr1/2 and Cxcr3inhibitor treatment.Cyan
line delineatestelencephalichemisphere. (F) Graph illustrating the proportion ofareacovered by 4C4
signal after different treatments. p-valuesare basedon One-way ANOVA (p-value =7.021 10 5)
with post-hocDunnett Test (Many-to-One). (G) Scheme of the experimental workflow to analyze
the effect of the second inhibitor combination (CU CPT22 + AMG-487) on reactive gliosis. (H,I)
Images of injured Tg(Olig2:GFP) sectionat 4dpi stained for GFP and Sox10aftervehicle (H) and
CU CPT22 +AMG-487 inhibitor (I) treatment. (J) Dot-plotshowing theaccumulation of Olig2:GFP+

cells at the injury site after vehicle, first combinationof double inhibitors, and secondcombination of
double inhibitors treatment. Note that both double-inhibitorcombinations reduced oligodendroglia
accumulation to the sameextent. p-valuesare based on a one-way ANOVA (p-value =1.221 10 3)
with a post-hocDunnett Test (Many-to-One). (K) Scheme depicting the experimental design to
analyze oligodendroglial reactionafter nostril injury and vehicle or double Tlr1/2 and Cxcr3inhibitor
(NBI 74330andCU CPT22) treatment.(L–M0) Micrographs illustrating accumulation of oligoden-
droglia (Olig2:GFP+ cells) at the injury site 3days after nostril injury and vehicle (L,Lʼ) or double
inhibitor treatment(M,M0). White lines delineatethe injury site. (N) Graph depicting thedensity of
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Olig2:GFP+ cells locatedat the injury area asa function ofTlr1/2 and Cxcr3pathways. p-valuesare
basedon a one-wayANOVA (p-value=3.674 10 1) with a post-hocDunnett Test(Many-to-One).
All images are full z-projectionsof a confocal stack. Insets indicate the rostro-caudallevels of the
sections.Data are shown asmean SEM; eachdata point representsoneanimal. Scale barsin B, C,
D, and E =100 m;scale bars in H, I, L, L0,M and M0=20 m.Abbreviations: dpi: days post-injury;
N3d: nostril 3days post-injury;Inh: inhibitor. Symbol description: red triangle: vehicle; dark blue
triangle: Tlr1/2 inhibitor, CU CPT22; greentriangle: Cxcr3 inhibitor, NBI 74330;lightblue triangle:
double inhibitors, NBI 74330andCU CPT22; orange triangle: CU CPT22 +AMG-487 injection; black
circle: nostril injury; red circle: vehicle; light bluecircle: double inhibitors, NBI 74330andCU CPT22.
Figure S6. Tlr1/2 and Cxcr3 pathways regulate exacerbatedoligodendroglia activation indepen-
dently frommicroglial and monocyteactivation. (A) Schemeof theexperimental settingto address
the role of Cxcr3 and Tlr1/2 in tissue restoration. (B) Graph showing the volume of the injured
tissue after different treatments. p-value is based on one-way ANOVA (p-value =1.801 10 1)
with post-hocDunnett test. (C) Image of an uninjured sectionstained for two microglia/monocyte
markers (L-plastin and 4C4). (D) Scheme of the experimental setting to eliminate microglia and
infiltrating monocytesusing Clodrosome todeplete residentmicroglia and Ccr2 inhibitor to block
the extravasation of monocytes. (E) Micrograph illustrating the depletion of L-plastin+and 4C4+
cells in intact brain. (F) Graph depicting theproportion of the sectioncovered with a 4C4signal in
untreated and treated brains; 95% of the 4C4+signal was depleted after combined Clodrosome and
Ccr2 inhibitor treatment. p-valueis based on WelcH0s t-testwith unequal variances. (G) Scheme
of the experimental setting to analyze 4C4reactivity upon skull injury and microglia/monocyte
depletion. (H,I) Micrographs illustrating 4C4depletion1(H) and 2(I) days afterskull injury. White
lines depict the injury site and sectionprofiles are delimited by yellow and blue lines. (J) Scheme
of theexperimental design to analyze reactive gliosis after injecting empty control liposomesused
asvehicle for Clodrosome(Encapsome). (K) Image depicting theOlig2:GFP+ cell accumulationat
the injury site in Encapsome-treatedbrains. Note that repetitive ventricular injectionsdid not alter
oligodendroglial accumulation. (L) Graph illustrating theexpressionlevels of Cxcr3(Cxcr3.1,Cxcr3.2,
Cxcr3.3)and Tlr2 (Tlr2, Tlr18)zebrafishorthologsin Olig2:dsRed+cells analyzed by RNA sequencing.
(M–P) Micrographs with orthogonal projectionsillustrating the expressionof Cxcr3.2(M), Tlr8b
(N), MYD88 (O) and Mxc (P) genesin theOlig2:GFP+cells 3days afterskull injury. (Q,R) Images
showing theRNAscope negative controlsfor theCy3 (Q) and Cy5 (R) channels.All imagesare full
z-projectionsof confocal stack. The level of the cross-sectionis indicated in the inset. Data are shown
asmean SEM and eachdata point representsoneanimal. Scale bars in C, E, H, and I =100 m;scale
bar in K =20 m;scalebar in M, N, O, P,Q, R =10 m.Abbreviations: TPM: transcripts permillion
reads; dpi: days post-injury; Inh: inhibitor. Symbol description: red triangle: vehicle; dark blue
triangle: Tlr1/2 inhibitor, CU CPT22; greentriangle: Cxcr3 inhibitor, NBI 74330;lightblue triangle:
double inhibitors, NBI 74330andCU CPT22; black rectangle: intact; orange square: ventricular
injection of clodrosome;purple square: intraperitoneal injection of Ccr2 inhibitor; black triangle:
skull injury; gray triangle: encapsome;Orange triangle: ventricular injectionof clodrosome;purple
triangle: intraperitoneal injection ofCcr2 inhibitor. Figure S7. Oligodendrocyte lineage cells respond
to injury by activation of innate immunity, cell proliferationand cellmigrationpathways. (A) Dot
plot depicting up-and down-regulatedgenesin FACS-purified Olig2:dsRed+ cells isolated from the
injured zebrafish telencephalon after vehicle treatment. Lines indicate cut-offborders (p-value<0.05
and FC 2). (B) Pie chart showing theproportion of injury-regulatedgenesin zebrafishOlig2+ cells
belonging to differentpathways basedon a Panther analysis. (C) Histogram depicting GO terms
related tobiological processsignificantly enriched (p-valuesindicated on bars) in a genesetupreg-
ulated after brain injury in zebrafishOlig2+ cells. GO terms related to inflammatory responseare
shown by gray bars;patterned barsindicate processespreviously reported tobeactivated in response
to injury. Note that bothtoll-like receptor signaling and the responseto thecytokine are induced by
the injury. (D) Dot plot depicting the coregulationof ECM-related genesin the entire telencephalon
and Olig2+ cells after 3days after skull injury. Lines indicate cut-offborders (p-value <0.05and
FC 2). (E) Dot plot depictingup-and down-regulatedgenesin FACS-purified Olig2:dsRed-positive
cells isolated from the injured zebrafishtelencephalon after Tlr1/2 and Cxcr3 inhibitor treatment.
(F) Experimental design toanalyze thedensity and maturation rateof oligodendrocytesafter skull
injury. (G–I0) Imagesdepicting thedistribution of Mbp:nls-GFP+ cells and BrdU+ cells in intact condi-
tion (G–H0) and 7days afterskull injury (I,I0). Double positiveMbp:nls-GFP and BrdU cells (White
arrow) representoligodendrocyte progenitor cells thatdifferentiated into matureoligodendrocyte
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after the injury. (J,K) Dot plots showing the total density ofMbp:nls-GFP+ cells (J) and theproportion
of newly maturedoligodendrocytes(K) in intact brains and 7days after skull injury. Data are shown
asmean SEM; eachdata point representsoneanimal. p-valuesare basedon Studentʼs t-testwith
equal variances. All images are full z-projectionsof a confocal stack. Scale bars in G, I, I0= 100m;
scalebars in H, H0=20 m.Abbreviations: dpi: days post-injury;VEH: vehicle; INT: intact; INH:
inhibitor. Symbol description: black rectangle:intact; black triangle: skull injury. Figure S8. Human
plasma and heat-inactivatedhuman CSF do not induce accumulation of Olig2:GFP+ cells. (A–C0)
Micrographs showing theOlig2:GFP and 4C4reactivity after nostril injury and theadministration of
either human plasma(A–B0) or heat-inactivatedhCSF (C–C0). White lines delineatethe injury site.
(D) Dot plot illustrating the density ofOlig2:GFP+ cells at the injury siteafter different treatments.
Data are shown as mean SEM; each data point representsone animal. p-valuesare basedon a
one-wayANOVA (p-value=2.091 10 4 with a post-hocDunnett test (Many-to-One). All images
are full z-projectionsof a confocal Z-stack.Scale bars: 20 m. Abbreviations: dpi: days post-injury;
hPlasma: human plasma;hCSF: human cerebrospinalfluid. Symbol description: red circle: hCSF;
greencircle: human plasma; blue circle: heat-inactivatedhCSF. Figure S9. Generation of theTlr2 and
Cxcr3OliNeu knockout line. (A,B) Sequencealignmentof theCxcr3(A) and Tlr2 (B) locusdepicting
theCas9-mediatedbi-allelicdeletions (greenblocks) leading to thepremature STOP codongeneration
(red asterisk)in oligodendrocyteprogenitorOliNeu cell line. Thepositionof gRNAs is indicatedwith
grey boxes.(C,D) Micrographs depictingKi67-positivecells in WT OliNeu cell clone(only transfected
with Cas9) (C) and Cxcr3/Tlr2mutant clone 1 (D). (E) Dot plot depicting the proportion of pH3
positive cells in WT OliNeu cells and two mutant cell clones (Clone 1, Clone 2). Data are shown
asmean SEM; eachdata point representsingle coverslip. p-valueis basedon one-wayANOVA
(p-value =2.473 10 3) and Dunnett Test (Many-to-One). Scale bars in C, D =50m. Symbol
description: Black diamond: control OliNeu cells; greensquare: Tlr2 and Cxcr3-deficientclone 1;
red squareTlr2 and Cxcr3-deficientclone2.TableS1. List of all the primary antibodies used in this
study, and the correspondent information about each antibody. Table S2. List of primers used in
this study for RT-qPCR. TableS3. List of recombinantproteins used for the screening in Figure 7G
(www.rndsystems.com accessedon 24September 2019).TableS4. Microarray data illustrating the
GO TermsBiological Processesenriched in genescommonly or exclusively regulated in skull and
nostril injury at differenttime points (related toFigure 2B). TableS5. RNAseq data depicting thegene
ontology terms related to thebiological processessignificantly enriched in an ECM-related geneset
(69genes)regulated exclusively 3days after skull injury (Related to Figure 2E). TableS6.Microarray
data illustrating theGO termsrelated to thebiological processesenriched in genesexclusively regu-
lated 3days after skull injury (related toFigure 2H). TableS7. RNAseq data showing theGO Terms
related to thebiological processes(PANTHER) upregulatedafterbrain injury in zebrafishOlig2+cells
(Related to Figure S7C,GO Termsmarked in redareshown in thegraph S7C).TableS8. RNAseq data
depicting theGene Ontology termsrelated tobiological processes(PANTHER) significantly enriched
in a geneset (597genes)with normalized expressionafter Tlr1/2 and Cxcr3 inhibitor treatment in
zebrafish. (Related to Figure 5B). TableS9. RNAseq data depicting thegeneontology termsrelated to
biological processes(PANTHER) significantly enriched in a genesetstill regulated after inhibitor
treatment. (Related to Figure 5). Video S1. Three-dimensionalreconstruction of cleared intact telen-
cephalic tissuestained for Sox10(magenta),4C4(cyan) and DAPI (blue). Video S2.Three-dimensional
reconstruction of cleared telencephalic tissue stained for Sox10(magenta), 4C4 (cyan) and DAPI
(blue) 3days after nostril injury. Video S3. Three-dimensionalreconstructionof cleared telencephalic
tissuestained for Sox10(magenta),4C4(cyan) and DAPI (blue) 7days after nostril injury. Video S4.
Three-dimensionalreconstruction of Tg(fli1:eGFP) transgenic line 28days after nostril and skull
injury. Ependymoglial cells were labeled by electroporationof aplasmid encoding for membrane
localized tdTomato 21days after injury. Video S5. Three-dimensionalreconstruction of cleared infarct
tissuestained for Sox10andDAPI 7days after skull injury and vehicle or double inhibitor treatment.
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Sanchez-Gonzalez et al., 2021 Supplementary Figure S2
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Sanchez-Gonzalez et al., 2021 Supplementary Figure S3
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Sanchez-Gonzalez et al., 2021 Supplementary Figure S5
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Sanchez-Gonzalez et al., 2021 Supplementary Figure S9
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2.2 Aim of study II  

In this study, we aimed to address the activation states of microglia upon injury in adult 

zebrafish telencephalons, the necessity of regulating clearance of phase-separated TDP-

43 condensates for deactivating immune responses, as well as the role of granulins in 

regulating these processes. 
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Phase-separated TDP-43 regulates the activation states of microglia 1 
after traumatic brain injury 2 
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Abstract  21 
 22 
Inactivation of pathology-activated microglia is crucial to prevent chronic 23 
neuroinflammation and tissue scarring. We identified an injury-induced microglial state 24 
at the transition between activation and homeostasis in injured zebrafish brains, which 25 
was characterized by accumulation of lipid droplets and phase-separated TDP-43 26 
condensates. Granulin-mediated clearance of both lipid droplets and TDP-43 27 
condensates was necessary and sufficient to promote this microglial transition and the 28 
return to homeostatic function. Clearance of phase-separated TDP-43 condensates 29 
promoted both the return of activated microglia back to homeostasis and scarless 30 
regeneration. Importantly, the activated state of microglia also correlated with the 31 
accumulation of lipid droplets, TDP-43 condensates and stress granules in patients 32 
with ischemic stroke, thus supporting the existence of a similar regulatory mechanism 33 
in humans. Together, our results identified a drug-targetable mechanism required for 34 
the inactivation of microglia, which is necessary to avoid chronic neuroinflammation 35 
and has high potential for new therapeutic applications in humans.  36 
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Main 1 
 2 
Regeneration of the damaged adult mammalian central nervous system (CNS), 3 
including that in humans, is largely limited 1,2. Despite the injury-induced enhancement 4 
of adult neurogenesis and neuronal migration to injury sites, young neurons fail to 5 
integrate into pre-existing neural circuits and to survive 3–7. Similarly, the numbers of 6 
transplanted neurons decrease over time, and their functional benefits decline in 7 
different models of neurodegenerative diseases 8,9. This response is largely due to an 8 
adverse environment generated by prolonged neuroinflammation and glial scar 9 
formation 10,11. Both neuroinflammation and the glial scarring are initially beneficial in 10 
limiting the expansion of the damage, but they later hinder functional recovery by 11 
tissue remodeling and result in the generation of an inflamed environment 2,12–14.  12 

Under physiological conditions, microglia, the brain-resident immune cells, are 13 
dynamically activated by environmental and microglia-intrinsic pathways and 14 
subsequently surveil the local environment and shape the organization and 15 
functionality of neural circuits 15–21. Microglial activation is, however, tightly controlled 16 
by the balance between activating “ON” and inactivating “OFF” signals. Indeed, the 17 
loss of “OFF” signals, such as TREM2, leads to the development of disease-18 
associated microglia, which can enhance the progression of neurodegenerative 19 
phenotypes 22–27. Importantly, the injury-induced inflammatory response activated in 20 
the mammalian brain lacks “OFF” signals, thus leading to persistent 21 
neuroinflammation and cellular stress. 22 

In contrast to that in mammals, the injured CNS in adult zebrafish displays 23 
exceptional regenerative capacity, including the generation of long-lasting neurons 24 
from endogenous neural stem cell pools (restorative neurogenesis) in different areas 25 
of the brain and the spinal cord 28,29,38,30–37. Injury in the zebrafish CNS induces only 26 
transient neuroinflammation, which is terminated in a timely manner, promoting 27 
neuronal integration and the resolution of scar tissue 29–31,39–43. Therefore, 28 
understanding of the cellular dynamics and signaling cues underlying the resolution of 29 
the inflammatory cascade in the zebrafish CNS is crucial to ameliorate the 30 
regenerative outcomes in the mammalian CNS in response to traumatic brain injury 31 
and neurodegenerative diseases. 32 

Here, we sought to investigate the microglial dynamics in the injured adult 33 
zebrafish telencephalon. We identified the transient state of activated pro-regenerative 34 
microglia that spontaneously return to homeostasis in a granulin-dependent manner. 35 
Furthermore, we demonstrated that granulin-mediated clearance of phase-separated 36 
TDP-43 condensates in microglial cells is fundamental for the activation of “OFF” 37 
signals in activated microglia and the scarless regeneration in the adult zebrafish CNS. 38 
These results highlight liquid-liquid phase separation (LLPS) of TDP-43 as valuable 39 
target for new approaches to improve CNS regeneration in response to traumatic brain 40 
injury and neurodegenerative diseases. The translational value of our research is 41 
strengthened by the observation of high microglial reactivity correlating with the 42 
presence of TDP-43 condensates and lipid droplets in human patients with stroke. 43 
 44 
Stab wound injury induces a pro-regenerative signature in a granulin a-45 
expressing microglial subpopulation 46 
 47 
The activation state of microglia is a key regulator of neuroinflammation during aging, 48 
neurodegeneration and CNS injuries 44–50. Moreover, injury-induced activation of 49 
immune cells is necessary to initiate restorative programs in regeneration-competent 50 
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species such as zebrafish 30. However, little is known about the mechanisms 1 
promoting the transition of activated microglia back to homeostasis, and the avoidance 2 
of long-lasting and chronic neuroinflammation. Therefore, we first analyzed the 3 
dynamics of the microglial response to injury in the adult zebrafish telencephalon (Fig. 4 
1A), on the basis of the expression of 4C4, an established marker for labeling immune 5 
cells in the zebrafish telencephalon 29. Indeed, we observed ramified, homeostatic 6 
microglia throughout the intact telencephalic parenchyma (Fig. 1A). Stab wound injury 7 
through the zebrafish nostrils induced an immediate microglial response that reached 8 
a maximum intensity 3 days post-injury (dpi), as evidenced by the accumulation of 9 
activated 4C4+ microglial cells at injury sites (red square in Fig. 1A). However, the 10 
4C4+ microglial cell accumulation was only transient and resolved by 7 dpi, in 11 
agreement with the observation of complete scarless tissue regeneration at the same 12 
time point (Fig. 1A, Extended Data Fig. 1A, B). Microglial activation was restricted to 13 
the site of the injury, because reactive microglia were not detected far from it (blue 14 
square in Fig. 1A). This finding is consistent with recent observations that different 15 
microglial populations emerge after brain injury and neurodegenerative diseases, and 16 
have distinct dynamics and roles in regulating neuroinflammation, including the 17 
modulation of other scar-forming cells 51,52. 18 
 To assess the composition of microglia and identify the molecular pathways 19 
controlling their dynamics during scarless regeneration, we followed the transcriptional 20 
changes at the single-cell level in the whole zebrafish telencephalon in response to 21 
brain injury. We isolated cells from intact and injured wildtype (Wt) telencephali (3 and 22 
7 dpi) and compared their transcriptomes with a droplet-based single cell RNA-23 
sequencing (scRNA-seq) platform (10x Genomics Chromium) (Fig. 1B, Extended Data 24 
Fig. 1A). After applying quality control filters, we identified 29603 single cells uniformly 25 
distributed over different conditions (Extended Data Fig. 1C). Unsupervised clustering 26 
of single cells according to their transcriptomes revealed 30 distinct clusters (Fig. 1B, 27 
Extended Data Fig. 1A). We identified neuronal clusters as well as distinct glial 28 
populations, including microglia, oligodendrocyte lineage cells and radial glial cells 29 
(RGCs), on the basis of the expression of established markers characterizing these 30 
populations (Fig. 1B, Extended Data Fig. 1A, D). We first analyzed changes in the 31 
abundance of cellular populations (Extended Data Fig. 1B). We detected an increase 32 
in microglial and oligodendroglial cell abundance at 3 dpi (Extended Data Fig. 1B) and 33 
a concomitant decrease in RGCs, findings that may be explained by direct damage to 34 
RGC processes spanning the parenchyma and subsequent RGC death. The 35 
abundance of oligodendroglial and microglial cells decreased at 7 dpi and almost 36 
reached the levels detected in intact brains (Extended Data Fig. 1B). The observed 37 
kinetics of microglial cells was compatible with the hypothesis that regeneration-38 
competent species have mechanisms that prevent the prolonged activation and 39 
amplification of immune cells, and subsequent chronic neuroinflammation. Therefore, 40 
we focused our analysis on the transcriptional changes in microglial cells (cluster 17 41 
in Fig. 1B) during the course of regeneration. We identified 420 differentially expressed 42 
genes (DEGs) (log2FC ≥ 1; FDR ≤ 0.05) at 3 dpi compared with other conditions (intact 43 
and 7 dpi) (Extended Data Fig. 1E; Supplementary Table 1). GO term analysis (DAVID 44 
6.8) of enriched DEGs identified innate immunity (Toll-like receptor (TLR) signaling 45 
pathway), inflammation (cytokine-cytokine receptor interaction), lipid metabolism, 46 
extracellular matrix remodeling (collagen trimer) and phospholipase inhibitor activity 47 
as enriched processes (Fig. 1C; Supplementary Table 1). These processes have been 48 
associated with pro-regenerative microglia emerging after spinal cord injury in mice 51. 49 
Interestingly, the comparison between microglial cells isolated from intact and injured 50 
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telencephali at 7 dpi revealed only a limited number of DEGs without any GO term 1 
enrichment (Extended Data Fig. 1E), in line with the transient activation and timely 2 
transition of microglia to the homeostatic state observed in our previous 3 
immunohistochemical analysis (Fig. 1A). 4 

To further gain insights into the transient microglial activation and its importance 5 
in scarless tissue restoration, we isolated cells belonging to microglial cluster 17, 6 
performed unsupervised subclustering and identified six distinct states with specific 7 
transcriptional signatures (Fig. 1D, E; Supplementary Table 2). RNA velocity-based 8 
analysis of cellular dynamics 53,54 revealed three parallel, non-overlapping trajectories 9 
(Wt-MG4 ⟹ Wt-MG1 ⟹ Wt-MG2; Wt-MG3 ⟹ Wt-MG2; Wt-MG5 ⟹ Wt-MG0 ⟹ Wt-10 
MG2) (Fig. 1F). Numerous pro-inflammatory programs associated with immune cell 11 
activation, including tumor necrosis factor (TNF), TLR, NOD-like receptor and IL1-12 
dependent signaling pathways, were detected with different patterns in distinct 13 
subclusters (Supplementary Table 2). The IL1-dependent signaling pathway was 14 
enriched in Wt-MG3, whereas the TNF- and TLR-dependent signaling pathways were 15 
enriched exclusively in Wt-MG0. Interestingly, the TNF-, TLR- and NOD-signaling 16 
pathways were downregulated in Wt-MG4 (Supplementary Table 2), thus suggesting 17 
that microglial cells belonging to this trajectory might have anti-inflammatory 18 
properties. These observations are consistent with distinct activated microglia 19 
emerging after injury in the adult zebrafish telencephalon and suggest that specific 20 
regulatory mechanisms may be involved in their return to a homeostatic state.  21 
Interestingly, all three trajectories converged on the Wt-MG2 state, the most abundant 22 
state in the intact brain (Fig. 1E, F). Functional analysis of genes enriched in Wt-MG2 23 
microglia revealed over-representation of glycolysis, vacuolar acidification and 24 
lysosome composition, and under-representation of pro-inflammatory cytokines 25 
(Supplementary Table 2), findings indicative of in vivo homeostatic microglia involved 26 
in tissue surveillance 55–58. Therefore, we further analyzed injury-induced microglial 27 
states transitioning back to Wt-MG2 (homeostatic microglia) to reveal the mechanisms 28 
promoting the inactivation of microglial cells in the zebrafish CNS at 3 dpi. We 29 
particularly focused on the Wt-MG0 state, because it displayed a significant increase 30 
in proportion at 3 dpi, coinciding with the peak of microglial accumulation at injury sites, 31 
followed by a significant decrease and return to normal levels at 7 dpi, thus faithfully 32 
reproducing the dynamics of 4C4+ microglial cells at injury sites observed by 33 
immunohistochemistry (Fig. 1A, E). Wt-MG0 cells displayed enriched expression of 34 
genes identified in pro-regenerative microglia induced after spinal cord injury in 35 
neonatal mice 51, including ctsba, anxa1, anxa2 and anxa5 (Fig. 1G). Moreover, the 36 
Wt-MG0 state was characterized by high expression of granulin a (grna) (Fig. 1H), 37 
encoding a secreted factor that regulates inflammation, promotes wound healing and 38 
modulates the formation of lipid droplets, first-line intracellular defenses that activate 39 
innate immunity and sequester cytotoxic compounds detrimental to other cells 40 
46,59,68,60–67. Indeed, Wt-MG0 cells were also enriched in genes associated with lipid 41 
droplet-accumulating microglia (Fig. 1I, Extended Data Fig. 1F). On the basis of these 42 
results, we propose that Wt-MG0 cells are the population of microglial cells that 43 
accumulate at injury sites and activate specific programs promoting regeneration. 44 
When regeneration is terminated, activated Wt-MG0 cells require the initiation of anti-45 
inflammatory programs, including granulins (Grns), to transition back to the 46 
homeostatic Wt-MG2 state. In line with this hypothesis, we detected significant 47 
upregulation of different members of the granulin family (grna, grnb and grn1-2) at 3 48 
dpi and their return to basal levels at 7 dpi (Fig. 1J, Extended Data Fig. 1G). 49 
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Granulins are necessary and sufficient to limit prolonged microglial activation 1 
at injury sites 2 
 3 
To address the hypothesis that granulins are required for the transition from a pro-4 
inflammatory to a homeostatic microglial state, we assessed the microglial reactivity 5 
to stab wound injury in granulin-deficient zebrafish 69,70. Because Wt-MG0 microglia 6 
express both grna and grnb (gene duplication of mammalian progranulin (PGRN)), we 7 
used a composite mutant (Grn-deficient) to avoid possible compensatory 8 
mechanisms. As expected, 4C4+ microglial cells accumulated at injury sites in Wt 9 
animals at 3 dpi and we did not detect any 4C4+ microglial cell accumulation at the 10 
injury site at 7 dpi (Fig. 2A). Interestingly, Grn-deficient microglia accumulated at injury 11 
sites in a manner indistinguishable from that of Wt microglia at 3 dpi, thus supporting 12 
that the injury-induced activation of microglial cells is Grn independent (Fig. 2A). 13 
However, Grn-deficient microglial cell accumulation, in contrast to that of Wt cells, was 14 
still detected at injury sites at 7 dpi (Fig. 2A). Because scRNA-seq analysis revealed 15 
numerous genes associated with high lipid droplet content in Wt-MG0 microglia (Fig. 16 
1I), thus indicating their activated state 46, we assessed the lipid droplet formation in 17 
Wt and Grn-deficient brains in response to injury by using an antibody against the lipid 18 
droplet surface protein perilipin 3 (Plin3) (Fig. 2A-C,  Extended Data Fig. 2A, B) or 19 
BODIPY (Extended Data Fig. 2C). Plin3+ lipid droplets were nearly absent from both 20 
Wt and Grn-deficient intact brains (Fig. 2A). Plin3+ lipid droplets were detected after 21 
injury, almost exclusively in the 4C4+ microglial cells accumulating at injury sites at 3 22 
dpi in both Wt and Grn-deficient animals (Fig. 2A-C, Extended Data Fig. 2B). In line 23 
with their prolonged retention at injury sites, Grn-deficient 4C4+ microglia maintained 24 
elevated numbers of Plin3+ and BODIPY+ lipid droplets at 7 dpi, whereas lipid droplets 25 
were completely cleared in Wt animals (Fig. 2A-C, Extended Data Fig. 2C). To further 26 
substantiate these observations, we isolated microglial cells identified by scRNA-seq 27 
from Wt (Fig. 1B, D) and Grn-deficient telencephali (Extended Data Fig. 4A-D), and 28 
analyzed the expression of genes enriched in lipid droplet-accumulating microglia 46. 29 
The expression of these genes was comparable in microglia isolated from the intact 30 
brains of both genotypes (Fig. 2D). Similarly, this set of genes was comparably 31 
induced in Wt and Grn-deficient microglia at 3 dpi. However, whereas the expression 32 
of most lipid droplet-related genes returned to normal levels in Wt microglia at 7 dpi, it 33 
persisted at high levels in Grn-deficient microglia (Fig. 2D), in agreement with the 34 
immunohistochemistry results for Plin3+ and BODIPY+ lipid droplets in the injured 35 
brains of Wt and Grn-deficient animals (Fig. 2A, Extended Data Fig. 2C). Quantitative 36 
lipid content analysis of intact and injured (7 dpi) Wt and Grn-deficient telencephali 37 
revealed an increase in the relative abundance of triacylglycerols (TAGs) and 38 
diacylglycerols (DAGs), major components of lipid droplets, in the injured brains of 39 
Grn-deficient animals compared with Wt brains at 7 dpi (Fig. 2E, Extended Data Fig. 40 
2D). These results were similar to the changes reported in lipidomic analysis of 41 
progranulin (PGRN)-deficient mouse brains 71.  42 

To verify the direct roles of granulins in regulating lipid droplet clearance and 43 
transition to a homeostatic state of microglial cells at injury sites, we injected 44 
recombinant progranulin (PGRN) while performing injury in Grn-deficient animals (Fig. 45 
2F). Intraparenchymal injection of recombinant PGRN was sufficient to resolve the 46 
microglial cell accumulation at injury sites and to promote the clearance of lipid 47 
droplets in Grn-deficient microglia at 7 dpi (Fig. 2G-I), with similar kinetics to that in Wt 48 
animals.  49 
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Collectively, our data support the roles of granulins in clearing injury-induced 1 
lipid droplets in microglial cells and promoting their transition back to a homeostatic 2 
state. 3 
 4 
Granulin deficiency-induced neuroinflammation prolongs glial reactivity at 5 
injury sites and impairs restorative neurogenesis 6 
 7 
The interaction of immune cells with resident parenchymal glia is the key determinant 8 
of scar formation in the mammalian brain after stroke or traumatic brain injury 2. The 9 
prolonged accumulation of 4C4+ microglial cells at injury sites and the excessive lipid 10 
droplet formation in Grn-deficient animals prompted us to investigate whether this 11 
prolonged neuroinflammation changed glial reactivity in response to injury, possibly 12 
through causing the scarless regeneration in zebrafish to transition to a scarring model 13 
typical of the mammalian CNS. To examine the reaction of parenchymal cells 14 
belonging to the oligodendrocyte lineage, we used the pan-oligodendrocyte marker 15 
Sox10 72 and followed the reaction of Sox10+ cells to injury in Wt and Grn-deficient 16 
animals (Fig. 3A, B, Extended Data Fig. 3A-C; Supplementary Videos 1-3). Wt Sox10+ 17 
oligodendroglial cells responded to the injury with similar kinetics to that in 4C4+ 18 
microglial cells (Fig. 1A, 3A). Despite the transient accumulation of Sox10+ cells at 19 
injury sites at 3 dpi, we observed no glial cell accumulation at 7 or 21 dpi in Wt brains 20 
(Fig. 3A, B; Supplementary Video 1). Grn-deficient Sox10+ oligodendroglial cells 21 
accumulated similarly to Wt cells at injury sites at 3 dpi, thus further supporting a Grn-22 
independent initial glial response to injury (Fig. 3A, B). However, Sox10+ cell 23 
accumulation still occurred at injury sites in Grn-deficient animals, in contrast to Wt 24 
animals, at 7 dpi and 31 dpi (Fig. 3A, B; Supplementary Videos 2, 3). The phenotype 25 
observed in the Grn-deficient CNS resembled the neuroinflammation-driven prolonged 26 
reactivity of glial cells observed in the mammalian brain in response to injury. These 27 
data support the hypothesis that a failure to promote the transition of microglial cells 28 
back to the homeostatic state accounts for the prolonged glial cell reactivity at injury 29 
sites. To further test this hypothesis, we prevented the exacerbated inflammatory 30 
response and long-lasting inflammation in Grn-deficient animals through treatment 31 
with dexamethasone, an anti-inflammatory drug known to block microglial activation 32 
in the adult zebrafish telencephalon after injury 30. We pretreated Grn-deficient animals 33 
for 10 days with either dexamethasone or methanol (MeOH, as solvent control), 34 
injured them, and analyzed 4C4 and Sox10 immunoreactivity at 3 dpi and 7 dpi (Fig. 35 
3C-E, Extended Data Fig. 3D-F). Importantly, MeOH treatment did not alter the 36 
reactivity of glial cells (microglia and oligodendroglia), because we observed 37 
prolonged accumulation of glial cells at injury sites in MeOH-treated Grn-deficient 38 
animals at 7 dpi (Fig. 3D, E). Strikingly, dexamethasone treatment rescued the 39 
prolonged accumulation of 4C4+ microglial and Sox10+ oligodendroglial cells at injury 40 
sites in Grn-deficient animals (Fig. 3D, E). Cell densities of 4C4+ microglia and Sox10+ 41 
oligodendroglia at injury sites in dexamethasone-treated Grn-deficient animals were 42 
comparable to those detected in Wt animals at 7 dpi (Fig. 3B, E). Together, these 43 
results demonstrate that prolonged activation of microglia, caused by Grn-deficiency, 44 
is sufficient to prevent the resolution of the glial cell accumulation at injury sites, thus 45 
transforming the scarless regeneration in the zebrafish CNS into a scarring model. 46 

Because glial scarring in the mammalian CNS hinders functional regeneration 47 
2,73, we set out to address whether prolonged accumulation of glial cells (microglia and 48 
oligodendroglia) at injury sites might impair the injury-induced generation and/or the 49 
survival of new neurons, a key feature in regeneration in the adult zebrafish CNS 43. 50 
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We kept Wt and Grn-deficient injured animals for 3 days in 5-bromo-2´-deoxyuridine 1 
(BrdU) water to label the injury-activated stem cell population and the newly formed 2 
neurons migrating to the brain parenchyma generated by the injury-activated stem cell 3 
population (Fig. 3F, G). On the basis of the immunoreactivity of neural HUC and HUD 4 
proteins (HuC/D), we observed significantly fewer newly formed BrdU+/HuC/D+ 5 
neurons in Grn-deficient animals than in Wt animals at 31 dpi (Fig. 3H, I). Together, 6 
these results demonstrate that the prolonged neuroinflammation and glial cell 7 
accumulation in Grn-deficient animals generate an environment not permissive to 8 
restorative neurogenesis in the zebrafish brain, similarly to the observed reaction to 9 
injury in the mammalian brain. 10 
 11 
Activated microglia fail to transition back to the homeostatic state in the Grn-12 
deficient injured CNS 13 
 14 
On the basis of previous results, we reasoned that excessive neuroinflammation 15 
leading to prolonged glial cell accumulation at injury sites and impaired regeneration 16 
might be caused by specific microglial states present in the Grn-deficient brain. To 17 
address this question, we isolated and re-clustered all microglial cells identified by 18 
scRNA-seq from Wt and Grn-deficient telencephali (Fig. 4A, Extended Data Fig. 4D, 19 
E). We identified eight subclusters representing distinct microglial states (Fig. 4A), 20 
which we were able to directly relate to those identified in Wt brains through cluster 21 
similarity matrix analysis (Extended Data Fig. 4F, G). Importantly, six of these clusters 22 
were previously identified in Wt brains, whereas two clusters appeared only after the 23 
analysis that included Grn-deficient microglia (Fig. 4A, B, Extended Data Fig. 4D-F). 24 
The identified states contained different numbers of cells derived from Wt and Grn-25 
deficient brains (Fig. 4B, Extended Data Fig. 4E). The MG4 state, corresponding to 26 
the pro-regenerative Wt-MG0 state, and the MG3 state, corresponding to the 27 
homeostatic Wt-MG2 state (Fig. 4A, Extended Data Fig. 4F, G), were largely under-28 
represented in Grn-deficient brains at both 3 dpi and 7 dpi (Fig. 4B, Extended Data 29 
Fig. 4E). We identified activated microglia of both genotypes within the MG1 state, 30 
which had a high similarity score with respect to the Wt-MG4 cluster (Fig. 1D, 4A, B, 31 
Extended Data Fig. 4D-G). As expected, in the velocity analysis, activated Wt 32 
microglial cells from the MG4 and MG1 clusters projected toward the MG3 cluster, 33 
which was mainly composed of homeostatic microglia at 7 dpi (Fig. 4B, C, Extended 34 
Data Fig. 4E-G). In contrast, Grn-deficient activated microglia projected towards 35 
clusters MG5 and MG0, which contained almost exclusively Grn-deficient cells (Fig. 36 
4B, C, Extended Data Fig. 4E). Interestingly, the MG0 and MG5 microglial states 37 
displayed enrichment in numerous genes associated with innate immunity, lysosomes, 38 
phagosomes and apoptosis (Supplementary Table 3), thus contributing to the 39 
activated signature detected at 7 dpi in Grn-deficient microglial cells, as compared with 40 
the homeostatic signature of Wt microglial cells at the same time point (Fig. 4D, E; 41 
Supplementary Table 3). Additionally, microglia from the MG0 and MG5 clusters were 42 
enriched in numerous genes associated with lipid droplet formation, and cellular and 43 
mechanical stress, including several members of the Hsp70 family (Fig. 4F, G). Our 44 
findings thus support that Grn-deficient microglia fail to transition back to homeostasis 45 
and remain activated at 7 dpi. 46 

Together, these results suggest that dysregulated injury-induced cellular stress 47 
in Grn-deficient brains promotes long-lasting pro-inflammatory microglial cell 48 
accumulation at injury sites. Grn-deficient pro-inflammatory microglia do not fully 49 
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transition back to homeostasis and induce long-lasting glial cell accumulation, thus 1 
causing detrimental consequences in neuronal regeneration.  2 
 3 
Clearance of extranuclear TDP-43 condensates formed through LLPS is 4 
required for termination of microglia-driven neuroinflammation 5 
 6 
Analysis of microglial populations revealed that MG0 and MG5 microglial cells in Grn-7 
deficient brains displayed dysregulated lipid metabolism, were unable to dissolve lipid 8 
droplets and underwent cellular stress. Therefore, we aimed at identifying signals 9 
leading to lipid droplet formation and cellular stress after brain injury. The RNA-binding 10 
protein TAR DNA binding protein of 43 kDa (TDP-43) is a pathological marker protein 11 
associated with neurodegeneration and brain injury 74–77. In several 12 
neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS) and 13 
frontotemporal dementia (FTD), and after traumatic brain injury, TDP-43 relocalizes 14 
from the nucleus to the cytoplasm, forms cytoplasmatic condensates or aggregates 15 
through LLPS, and colocalizes with stress granules (SGs). Granulins have been 16 
demonstrated to alter the solubility of TDP-43, modulating its LLPS and aggregation 17 
behavior 78–80. Therefore, we analyzed TDP-43 immunoreactivity in response to injury 18 
in Wt and Grn-deficient brains (Fig. 5A, Extended Data Fig. 5A, B). In intact brains, we 19 
observed TDP-43 signal exclusively in cell nuclei, mostly in HuC/D+ neuronal cells 20 
(Extended Data Fig. 5A). Interestingly, the nuclear TDP-43 signal was complemented 21 
by extranuclear TDP-43+ condensates in both Wt and Grn-deficient brains at injury 22 
sites at 3 dpi (Fig. 5A, B, Extended Data Fig. 5B). Importantly, a proportion of TDP-23 
43+ condensates colocalized with 4C4+ microglia (Extended Data Fig. 5B). 24 
Unexpectedly, whereas extranuclear TDP-43+ condensates were cleared at 7 dpi in 25 
Wt animals, they were detected at injury sites in Grn-deficient animals at the same 26 
time point (Fig. 5A, B), in a manner following Plin3+ lipid droplet kinetics (Fig. 2A, B). 27 
Therefore, we hypothesized that Wt microglia upregulate granulins to clear potentially 28 
cytotoxic TDP-43 condensates. Indeed, intraparenchymal injection of recombinant 29 
PGRN in Grn-deficient brains was sufficient to clear extranuclear TDP-43+ 30 
condensates at 7 dpi (Extended Data Fig. 5C-E).  31 
Because granulins regulate the LLPS behavior of TDP-43 80, we hypothesized that the 32 
balance between granulins and LLPS-driven TDP-43+ condensates might define the 33 
activation state of microglial cells in response to injury. In the absence of granulins, 34 
TDP-43 was expected to form long-lasting condensates via LLPS, thus causing 35 
cellular stress, and prolonged microglial activation and accumulation at injury sites. To 36 
test this hypothesis, we made use of the finding that TDP-43 fused to maltose binding 37 
protein (MBP) via a TEV proteolytic site does not undergo LLPS (Extended Data Fig. 38 
6B, C). The proteolytic removal of MBP is sufficient to induce LLPS of TDP-43 81–84. 39 
We injected TDP-43 (containing the maltose binding protein (MBP) tag preventing 40 
LLPS) and phase-separated TDP-43 (MBP tag cleaved off) proteins while performing 41 
injury in Wt brains (Fig. 5C-E, Extended Data Fig. 6A-D), aiming to oversaturate the 42 
system with phase-separated TDP-43 and bypass available granulins. Injection of 43 
both versions of TDP-43 prolonged microglial accumulation at injury sites at 7 dpi in 44 
Wt animals, although a stronger reaction was observed when we injected phase-45 
separated TDP-43 (Fig. 5E, Extended Data Fig. 6D). In line with our hypothesis, only 46 
the injection of phase-separated TDP-43 induced excessive formation of Plin3+ lipid 47 
droplets and extranuclear TDP43+ condensates, which colocalized primarily with 4C4+ 48 
microglial cells at injury sites (Fig. 5E-G, Extended Data Fig. 6D, E), thus mimicking 49 
the phenotype of the reaction observed in Grn-deficient brains in response to injury.  50 
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Because we detected numerous cytosolic TDP-43 condensates in 4C4+ cells after 1 
injection of phase-separated TDP-43 in Wt animals, and we did not observe any 2 
upregulation of TDP-43 mRNA in microglial cells during the course of regeneration 3 
(Extended Data Fig. 6F), we speculate that microglial cells accumulate at injury sites, 4 
phagocytose TDP-43 released by dying neurons and do not dissolve LLPS-driven 5 
TDP-43+ condensates when the amount of phase-separated TDP-43 is in excess or 6 
when granulin levels are low. 7 

To determine whether the phenotype detected in Grn-deficient animals was 8 
specifically associated with the dysregulation of LLPS of TDP-43, we injected the 9 
neurodegeneration-linked RNA-binding protein Fused in Sarcoma (FUS) or phase-10 
separated FUS while performing injury in Wt brains (Extended Data Fig. 6A, G, H). In 11 
contrast to TDP-43, injections of FUS and phase-separated FUS promoted only mild 12 
reactivity of microglial cells at injury sites and did not affect the number of Plin3+ lipid 13 
droplets in Wt microglia at 7 dpi (Extended Data Fig. 6H-J). Therefore, we propose 14 
that the phenotype observed in Grn-deficient animals is not caused by general 15 
dysregulation of LLPS but instead may be caused by dysregulation of LLPS of specific 16 
proteins, including TDP-43, thus leading to an excess of cytotoxic extranuclear TDP-17 
43+ condensates. 18 

 19 
Prevention of excessive LLPS-mediated formation of SGs is sufficient to 20 
terminate prolonged neuroinflammation in Grn-deficient animals 21 
 22 
We hypothesized that Grn-controlled LLPS of TDP-43 must be tightly regulated to 23 
successfully clear the TDP-43+ condensates formed in response to brain injury in 24 
microglial cells and enable their return to the homeostatic state. To directly test this 25 
hypothesis, we interfered with the formation of SGs, phase-separated cytosolic 26 
condensates, in injured Grn-deficient brains through the administration of lipoamide 27 
(Fig. 6A, B), a newly identified agent that decreases SG formation 85. We kept Grn-28 
deficient animals in either DMSO- or lipoamide-containing water for 7 days after injury 29 
and assessed the formation of TDP-43+ condensates and the accumulation of 4C4+ 30 
microglial cells and Plin3+ lipid droplets at injury sites at that time point (Fig. 6C, D). 31 
As expected, injured Grn-deficient animals kept in the DMSO-containing water 32 
displayed prolonged accumulation of extranuclear TDP-43+ condensates and lipid 33 
droplet-accumulating 4C4+ microglial cells at injury sites at 7 dpi (Fig. 6B-D). In 34 
contrast, treatment of Grn-deficient animals with lipoamide resolved the accumulation 35 
of lipid droplet-accumulating 4C4+ microglial cells at injury sites (Fig. 6B-D). Moreover, 36 
we did not observe extranuclear TDP-43+ condensates at injury sites in lipoamide-37 
treated Grn-deficient animals (Fig. 6B-D), thus suggesting that lipoamide treatment 38 
rescues the phenotype generated by Grn deficiency and promotes the return of 39 
microglial cells to the homeostatic state. To verify this, we compared the reaction of 40 
Grn-deficient microglia to injury after lipoamide treatment (LipoGrn-deficient cells) to 41 
the reaction of microglia isolated from untreated Wt and Grn-deficient animals at 7 dpi 42 
by using scRNA-seq analysis (Fig. 6E). LipoGrn-deficient microglia were identified 43 
within the cluster of activated microglia (MG1 and MG5), and, in a lower proportion, 44 
within the cluster composed of homeostatic microglia (MG3) (Fig. 6F, G). Interestingly, 45 
lipoamide treatment significantly decreased the number of Grn-deficient microglia 46 
within the pro-inflammatory MG0 cluster, which contained almost exclusively Grn-47 
deficient cells that did not fully transition back to the homeostatic state (Fig. 6F, G, 48 
Extended Data Fig. 4E). Moreover, the relative number of LipoGrn-deficient microglial 49 
cells returned to normal after lipoamide treatment at 7 dpi and was comparable to the 50 
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microglial abundance detected in Wt brains at the same time point. In line with this 1 
analysis, LipoGrn-deficient microglia did not show upregulation of the inflammatory 2 
pathways enriched in Grn-deficient microglia (Fig. 4D; Supplementary Table 3), as 3 
compared with Wt microglia at 7 dpi. However, we detected 1349 significantly 4 
downregulated genes in LipoGrn-deficient microglia compared with untreated Grn-5 
deficient microglia at the same time point. This regulated gene set was enriched in GO 6 
processes associated with microglial functions, microglial activation and lipid 7 
metabolism (Fig. 6H). Lastly, we observed lower expression of numerous genes 8 
associated with lipid droplet-accumulating microglia (Fig. 6I) and cellular-stress (Fig. 9 
6J) in LipoGrn-deficient microglia than in untreated Grn-deficient microglia at 7 dpi, 10 
thus suggesting that the LipoGrn-deficient microglial cell reactivity and transcriptome 11 
are more similar to those of Wt microglia. 12 

Collectively, these results demonstrate that in Wt microglia, LLPS-mediated 13 
TDP-43+ condensates form only transiently and are cleared in a timely manner, thus 14 
leading to scarless regeneration in the zebrafish brain. Granulin deficiency impairs the 15 
ability of microglia to clear the LLPS-mediated extranuclear TDP-43+ condensates 16 
accumulating in SGs, thus leading to a cascade that locks microglial cells in their pro-17 
inflammatory state and prevents them from transitioning back to homeostasis.  18 
 19 
Stroke induces lipid droplet and SG formation in the human brain 20 
 21 
The gene signature conservation previously reported between zebrafish pro-22 
regenerative, lipid droplet-forming microglia and pro-regenerative microglia detected 23 
in response to spinal cord injury in neonatal mice (Fig. 1G) 51 prompted us to assess 24 
whether CNS damage might induce similar formation of lipid droplets, TDP-43+ 25 
condensates and SGs in the human brain. Therefore, we assessed the reactivity of 26 
IBA1+ microglial cells, PLIN3+ lipid droplets, TDP-43+ and G3BP+ SGs in post-mortem 27 
brain tissues obtained from patients several weeks after ischemic stroke (Fig. 7A, B). 28 
Notably, we detected neuroinflammation in the penumbra, as characterized by the 29 
high expression of the microglial marker IBA1 (Fig. 7B). High IBA1 immunoreactivity 30 
of microglial cells located in the penumbra was accompanied by morphological 31 
changes indicative of their activated state (Fig. 7A, B). Importantly, the penumbra 32 
containing highly activated microglia was also enriched in TDP-43+, PLIN3+ and 33 
G3BP+ signals (Fig. 7B), in line with our data implicating their roles in maintaining long-34 
lasting neuroinflammation. 35 
 36 
Discussion 37 
 38 
Our data support a model of CNS regeneration wherein injury causes the release of 39 
intracellular proteins able to undergo LLPS (including TDP-43) into the extracellular 40 
space. These proteins are subsequently phagocytosed by pro-regenerative activated 41 
microglia at injury sites. Granulins regulate the clearance of phagocytosed proteins 42 
and condensates, which is necessary to allow activated microglia to transition back to 43 
the homeostatic state. A failure to clear TDP-43+ condensates locks pro-regenerative 44 
microglia in a pro-inflammatory, disease-associated state. Pro-inflammatory microglia 45 
further enhance the transition of the remaining microglial cells to an activated state 46 
(positive feedback loop) and prolong the accumulation of oligodendrocyte lineage cells 47 
at injury sites, thus leading to long-term neuroinflammation and glial scar formation. 48 
According to this model, microglial cells have several partially overlapping roles 49 
defined by their activation state. In line with their known physiological roles in the intact 50 
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brain, microglia are dynamically activated by “ON” signals and inactivated by “OFF” 1 
signals in an array of functions, such as phagocytosis of cellular debris, trophic support 2 
of neurons, synaptic organization and the regulation of neuronal excitability 15,61,86–88. 3 
The tight balance between activating “ON” and inactivating “OFF” signals, such as 4 
cytokines and chemokines, ATP, PAMPs and TREM2 23,25,27,89–91, allows microglia to 5 
perform their scavenging functions without generating chronic neuroinflammation. In 6 
regeneration-competent species, such as zebrafish, CNS injuries induce the activation 7 
of homeostatic microglial cells. However, immune cell activation is only transient and 8 
is terminated in a timely manner, thereby enabling long-term integration and survival 9 
of new neurons necessary for full tissue restoration and neuronal replacement at injury 10 
sites 30,43. Interestingly, we identified different subpopulations of activated microglia 11 
that returned to the homeostatic state through parallel, possibly independent, 12 
trajectories, thus suggesting that distinct microglial cells may have different functions 13 
in the injured CNS, and specific regulatory mechanisms may ensure the timely 14 
termination of their activated state. Indeed, different activation states were also 15 
characterized by the enrichment and downregulation of specific neuroinflammatory 16 
programs. TNF-, TLR-, NOD- and IL1-dependent pro-inflammatory cascades are 17 
major drivers of long-term neuroinflammation and scar formation in the mammalian 18 
brain 92,93. Their separation and unique combinations in different microglial 19 
subpopulations might possibly determine the overall activation state of single 20 
microglial cells, thus facilitating their return to the homeostatic state after regeneration 21 
is completed. The return of all activated microglial subpopulations to the homeostatic 22 
state, however, involves a tight regulation of lysosomal functions and lytic vacuoles as 23 
well as a return to glycolysis as a major energy supply source. These features have  24 
recently been associated with the homeostatic scavenger function of microglia 25 
detected in the mammalian brain 56,94. Because the trajectories describing microglial 26 
dynamics do not overlap, these processes appear to be independently regulated along 27 
each trajectory, in line with their specific roles in defining the activation state of 28 
microglia. Interestingly, one population of transiently activated microglia in the 29 
zebrafish telencephalon (Wt-MG0, mostly enriched at 3 dpi) expressed genes that 30 
have recently been associated with pro-regenerative microglia emerging after spinal 31 
cord injury in a neonatal mouse model 51. These observations suggest the intriguing 32 
possibility that both mammals and zebrafish may share several programs underlying 33 
the transition of microglia to the activated state necessary for early beneficial effects 34 
10,45. Furthermore, these results suggest that the regulatory mechanisms required for 35 
the inactivation and the return of pro-regenerative microglia to the homeostatic state, 36 
as observed in regeneration-competent species, were lost not during evolution but 37 
during mammalian development and aging. Accordingly, long-term neuroinflammation 38 
after CNS injury, aging and neurodegenerative diseases  may be considered a 39 
consequence of the aging-associated loss of “OFF” signals in microglial cells, whose 40 
chronic activation hinders glial scar resolution and the functionality of neuronal circuits 41 
2,11,27,12–14,22–26.  42 
Interestingly, the subpopulation of Wt-MG0 pro-regenerative microglial cells, which 43 
partially shares a signature with mammalian neonatal pro-regenerative microglia, 44 
displayed elevated expression of genes associated with lipid droplet-accumulating 45 
microglia 46, thus supporting the possibility that the timely inactivation of this specific 46 
subpopulation is the key regulatory mechanism preventing chronic neuroinflammation. 47 
Lipid droplets are among the first-line intracellular defenses that activate innate 48 
immunity and sequester cytotoxic compounds detrimental to other cells 46,68. However, 49 
the excessive production of lipid droplets in microglial cells during aging and 50 
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degenerative diseases, such as atherosclerosis, has been demonstrated to be 1 
detrimental to cell functionality 46,95. Indeed, our findings that granulins regulate lipid 2 
droplet resolution and microglial transition back to the homeostatic state, together with 3 
previously demonstrated roles of granulins in the regulation of the inflammatory 4 
response and microglial lipid metabolism 46,59–61,63,65–67, further support the importance 5 
of the granulin-mediated return of Wt-MG0 microglial cells to homeostasis in limiting 6 
long-lasting neuroinflammation. In fact, unbiased single-cell transcriptomic analysis 7 
focusing on microglial subpopulations in Wt and Grn-deficient animals showed a 8 
significant underrepresentation of homeostatic and pro-regenerative microglia in Grn-9 
deficient brains in response to injury. A large proportion of Grn-deficient microglial cells 10 
are “locked” in an activated state after injury and do not fully transition back to the 11 
homeostatic state. Because lipid droplets are composed of acyl-glycerols that are 12 
synthesized by diacylglycerol transferases, converting DAGs to TAGs, which fill the 13 
lipid droplet core 96, an increase in DAGs after injury in Grn-deficient animals suggests 14 
an even more severe impairment of lipid metabolism than that in other 15 
neuropathological states 96.  16 
We showed that the prolonged neuroinflammation in Grn-deficient animals was 17 
accompanied by prolonged accumulation of oligodendroglial cells at injury sites, 18 
thereby mimicking the common features of the glial scar generated in response to 19 
injury in the mammalian CNS 2,11,97. This data set further strengthens the key 20 
regulatory role of the Wt-MG0 microglial state and underscores the need for deeper 21 
understanding of Wt-MG0 microglial dynamics and regulation. 22 

We propose that Grn-regulated LLPS of TDP-43 defines the activation state of 23 
Wt-MG0 microglia. We showed that extranuclear TDP-43+ condensates (possibly 24 
derived from TDP-43 released by dying neurons) were also present during the course 25 
of normal regeneration in the adult zebrafish telencephalon. However, in the absence 26 
of granulins, extranuclear TDP-43+ condensates persisted at injury sites along with 27 
activated lipid droplet-accumulating microglia. This cascade of detrimental events was 28 
prevented by inhibition of LLPS-mediated SG formation through administration of 29 
lipoamide 85 or exogenous PGRN. Indeed, inflammation has recently been associated 30 
with SG-mediated cellular stress 98, a process that may contribute to long-term 31 
neuroinflammation and the persistence of glial scars. In line with that possibility, 32 
traumatic brain injury has been reported to induce SG formation 67,76,77. In a survival 33 
mechanism, after stress, cells inhibit global protein translation by sequestering RNA-34 
protein complexes involved in the pre-initiation of protein synthesis into SGs 99,100. SGs 35 
are dynamic membrane-less cytoplasmic condensates that form through a process of 36 
LLPS, a reversible unmixing of molecules into two separate phases, a dilute and 37 
condensed phase, that are in constant exchange with each other 101,102. LLPS is 38 
important in a variety of cellular functions, such as metabolism, transcriptional and 39 
translational regulation, signal transduction and cellular motility 101,103.Moreover, LLPS 40 
has been suggested to be involved in the development of various neurodegenerative 41 
diseases, including ALS and FTD 104. ALS-causing mutations in RNA-binding proteins 42 
have been shown to alter LLPS in vitro and to result in the localization of RNA-binding 43 
proteins, including TDP-43, to SGs 105–113. Furthermore, cells exposed to chronic 44 
stress form SGs and persistent TDP-43 condensates, thus suggesting that chronic 45 
stress and SG localization leads to disease-like aggregation of TDP-43 113–116. Finally, 46 
TDP-43 solubility, aggregation and LLPS properties, as well as its levels and toxicity, 47 
have been shown to be influenced by granulins 78–80. Together, these results support 48 
our model of development of chronic neuroinflammation. However, how LLPS-49 
mediated TDP-43+ condensate formation in activated microglia regulates and 50 
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coordinates glial reactivity during scar formation remains unclear. A growing body of 1 
evidence suggests that lipid droplet composition changes depending on the 2 
physiological state of the cell and that lipid droplets could serve as signaling mediators 3 
in cellular communication 117, including non-cell autonomous glial scar cellular 4 
interactions. In addition, SG-related proteins have been associated with the regulation 5 
of translation and cell motility via mTORC signaling 118. Finally, SG proteins are 6 
associated with microtubules and centrosomes, crucial structures for cellular migration 7 
119,120. Therefore, SG-mediated alterations in microglial cell motility may account for 8 
the persistence of these cells at injury sites and the induction of chronic 9 
neuroinflammation. 10 

Overall, our model provides new insights into basic regulatory mechanisms that 11 
may prevent long-term neuroinflammation and promote CNS regeneration. Our new 12 
findings on the crosstalk between granulins and the LLPS of TDP-43 could potentially 13 
be targeted to develop new approaches to improve CNS regeneration in response to 14 
traumatic brain injury and neurodegenerative diseases in mammalian species, 15 
including humans. 16 
 17 
Methods 18 
 19 
Human post-mortem brain tissues 20 
 21 
Brain tissue was collected several weeks after infarction of the right arteria cerebri 22 
media with hemiparesis. Tissue was fixed in 4% PFA and embedded in paraffin. 23 
Sample collection was performed according to the legal guidelines of Government of 24 
Upper Bavaria (BayKrG Art. 27 Abs. 4). 25 
 26 
Zebrafish lines 27 
 28 
Zebrafish from the grna+/+;grnb+/+, grna-/-;grnb-/- and AB/EK strains and from the 29 
transgenic strains Tg(olig2:DsRed), Tg(mpeg1:mCherry), 30 
Tg(olig2:DsRed;grna−/−;grnb−/−) and Tg (mpeg1:mCherry;grna−/−;grnb−/−) were used in 31 
all experiments. All experiments were performed in 3-5-month-old animals, as in this 32 
range we do not observe any age-associated differences. Wildtype and Granulin-33 
deficient intact, injured and treated animals were sex-mixed littermates in individual 34 
experiments. 4-5 independent biological replicates were used in every experiment (the 35 
exact number of analyzed animals is specified in each dot plot) and analysis was 36 
performed blindly. All animals were kept under standard husbandry conditions and 37 
experiments were performed according to the handling guidelines and regulations of 38 
EU and the Government of Upper Bavaria (AZ 55.2-1-54-2532-0916). 39 
 40 
Treatment with dexamethasone 41 
 42 
3-5-month-old, mixed-sex zebrafish from specific genotypes were immersed for 10 43 
days in dexamethasone-containing (15 mg/L) or MeOH-containing (0.0001%) aerated 44 
water. Animals were immersed in dexamethasone- or MeOH-containing water for the 45 
whole duration of the experiment until sacrifice (time point indicated in the 46 
experimental paradigm). Water was changed daily and animals were fed every second 47 
day, 4 hours prior the water change.   48 
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Treatment with lipoamide 1 
 2 
3-5-month-old, mixed-sex zebrafish from specific genotypes were immersed for the 3 
whole duration of the experiment in lipoamide-containing (20 μM) or DMSO-containing 4 
aerated water until sacrifice (time point indicated in the experimental paradigm). Water 5 
was changed daily and animals were fed 4 hours prior the water change.  6 
 7 
Genotype identification 8 
 9 
Genotyping was performed by cutting a small part of the zebrafish tail fin. REDExtract-10 
N-Amp Tissue Kit (Sigma-Aldrich) was used to extract genomic DNA according to 11 
manufacturer´s instructions. Isolated genomic DNA was amplified by PCR and Sanger 12 
sequencing was performed to compare the nucleotide sequences and identify the 13 
selected mutations for grna and grnb. Mutations selected are the following: mde54a 14 
and mde360 for grna and grnb respectively, as indicated in ZFIN database 15 
(https://zfin.org/action/publication/ZDB-PUB-200208-2/feature-list). 16 
 17 
Stab wound injury 18 
 19 
Stab wound injury from zebrafish nostrils was performed in both telencephalic 20 
hemispheres according to previous publication 29. 100 x 0.9 mm glass capillary needle 21 
(KG01, A. Hartenstein) was used. The needle was pulled on a Narishige Puller (model 22 
PC-10) with “one-stage” pull setting at 63.5°C.  The needle used to perform the stab 23 
wound injury resulted in 5 mm length and 0.1 mm diameter. 24 
 25 
Tissue preparation and immunohistochemistry 26 
 27 
Animals were sacrificed by MS222 overdose of tricaine methane sulfonate (MS222, 28 
0,2%) by prolonged immersion. Tissue processing was performed as described 29 
previously 29. Immunodetection of BrdU required a pretreatment with 4 N HCl followed 30 
by washes with borate buffer and PBS before placing sections in anti-BrdU antibody. 31 
 32 
BrdU labeling experiment 33 
 34 
To assess the number of newly formed neurons in response to injury (restorative 35 
neurogenesis), zebrafish from specific genotypes were immersed, immediately after 36 
stab wound injury, in BrdU-containing aerated water (10 mM) for 16 h/day during 3 37 
consecutive days. During the 8 hours outside BrdU-containing water, fish were kept in 38 
fresh water and fed. Animals were sacrificed 28 days after BrdU treatment (3 days 39 
BrdU water + 28 days chase) to allow the incorporation of BrdU in activated stem cells 40 
that would generate neurons in response to injury and the migration of newly formed 41 
BrdU+ neurons at injury sites in the brain parenchyma. 42 
 43 
Lipidomic analysis 44 
 45 
Single telencephali were isolated and completely dissolved with mechanical 46 
homogenization procedures in D-PBS without Mg, Ca to reach the final concentration 47 
of 4-5 mg/mL (tissue wet weight per volume). Mass spectrometry-based analysis was 48 
performed by Lipotype GmbH. 49 
 50 
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Injection of recombinant Progranulin (mPGRN) 1 
 2 
Intraparenchymal injection of recombinant mPGRN was performed while we executed 3 
stab wound injury. 5 μL of recombinant mPGRN (dilution of 1:250 from stock solution 4 
of 250 ng/μL, reconstituted in sterile PBS) were injected in both hemispheres of the 5 
zebrafish telencephalon. 6 
 7 
Protein expression 8 
 9 
TDP-43-MBP-His6 was purified according to 

81
 with slight adaptations. Expression 10 

was performed in E. coli BL21-DE3 Rosetta 2 using 0.5 mM IPTG overnight at 16°C. 11 
Cells were lysed in purification buffer (20 mM Tris pH 8, 1 M NaCl, 10 mM imidazole, 12 
10 % (v/v) glycerol, 4 mM β-mercaptoethanol and 1 µg/ml each of aprotinin, leupeptin 13 
hemisulfate and pepstatin A) supplemented with 0.1 mg/ml RNase A using lysozyme 14 
and sonication. Afterwards, the protein was purified by Ni-NTA agarose (Qiagen) and 15 
eluted using 300 mM imidazole. Finally, eluates were further purified using size 16 
exclusion chromatography (Hiload 16/600 Superdex 200 pg, GE Healthcare) in 17 
storage buffer (20 mM Tris pH 8, 300 mM NaCl, 10% (v/v) glycerol supplemented with 18 
2 mM TCEP) in order to obtain monomeric TDP-43-MBP-His6.  19 
For MBP-FUS-His6 

121
, protein expression was induced in E. coli Rosetta-LysS after 20 

cold shock using 100 nM IPTG overnight at 12°C. Protein was purified as described 21 
above for TDP-43-MBP. SEC eluates were additionally purified using amylose HS 22 
(NEB) in amylose binding buffer (20 mM Tris pH6, 150 mM NaCl, 5% (v/v) glycerol 23 
supplemented with 2 mM DTT and 1 µg/ml each of aprotinin, leupeptin hemisulfate 24 
and pepstatin A and eluted using 10 mM maltose in storage buffer. 25 
Purified protein was concentrated using Amicon ultra centrifugal filters, flash frozen 26 
and stored at -80°C. Protein concentration was determined by measuring absorbance 27 
at 280 nm using the respective extinction coefficient (ε) predicted by the ProtParam 28 
tool. A260/280 ratio of purified protein was between 0.5-0.7, showing deprivation of 29 
nucleic acids. 30 
Purified TDP-43-TEV-MBP-His6 was exchanged to Hepes buffer (20 mM Hepes, pH 31 
7.5, 150 mM NaCl, 1 mM DTT). For visualization of condensates the reaction was 32 
setup directly in a Uncoated µ-Slide 18 Well - Flat chambers (Cat.No: 81821, Ibidi), 33 
where protein was diluted to a concentration of 5 µM and phase separation was 34 
induced by addition of 100 µg/ml His6-TEV protease at RT. After ~20 min, imaging 35 
was performed by bright field microscopy using a widefield microscope. 36 
 37 
Injection of TDP-43 and FUS proteins 38 
 39 
TDP-43-MBP and MBP-FUS proteins were independently incubated for 30 min at RT 40 
with TEV and TEV buffer (Tris 20 mM pH 8.0, 300mM NaCl, 2mM dTT in H2O) to 41 
cleave the MBP tag. 5 μL of uncleaved and cleaved TDP-43 (20 μM) and FUS (20 μM) 42 
proteins were independently injected in both hemispheres of the zebrafish 43 
telencephalon while performing the injury. 5 μL of TEV+TEV buffer were also injected 44 
in control animals to account for possible changes in reactivity due to the injection.  45 
 46 
Tissue dissociation 47 
 48 
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Cells were isolated from zebrafish telencephali (n=4) and dissociated into single cell 1 
suspension using the papain kit (Worthington) according to manufacturer´s 2 
instructions. Incubation in dissociating enzyme was performed for 30 min. 3 
 4 
Library preparation and sequencing 5 
 6 
Single cell suspensions were loaded into 10x Genomics Single Cell ́ 3 Chips according 7 
to manufacturer´s instruction for Chromium Single Cell 3´ Reagent Kits v3 (10x 8 
Genomics) to generate single cell bead emulsion (GEMs). cDNA synthesis was 9 
carried out according to 10x Genomics guidelines. Libraries were pooled and 10 
sequenced on NovaSeq6000 (Illumina) with the recommended number of cycles (28-11 
8-91) according to Chromium Single Cell 3´ Reagent Kits v3. Sequencing was 12 
performed by the Core Sequencing Facility at the Helmholtz Zentrum München. 13 
 14 
Alignment and data analysis 15 
 16 
Transcriptome alignment of single cell data was performed using Cell Ranger 4.0.0 17 
against the Danio rerio reference genome assembly GRCz11 (Ensembl Release 100). 18 
Quality Control (QC) of mapped cells was performed adjusting the recommendations 19 
from previous publication (gene counts ≥ 350; 40000 ≤ reads per cell ≥ 800; 20 
mitochondrial fraction ≤ 0.2) 122. Batch-correction and integration of different scRNA-21 
seq datasets was performed using Scanorama 123. Unsupervised clustering of cells 22 
was performed using the Louvain algorithm (https://doi.org/10.5281/zenodo.595481), 23 
implemented in SCANPY with resolution parameter of 1 and 0.8 when the 24 
unsupervised cell clustering was applied to all cells or to microglia-only cells, 25 
respectively. Marker genes specific for each cluster were identified using t-test 26 
between the counts of each gene in a cell cluster against all other clusters with the 27 
function rank_genes_groups in SCANPY. Visualization of cell clusters was performed 28 
with Uniform Manifold Approximation and Projection (UMAP) 124 in SCANPY. Velocity 29 
analysis 54 to identify differences in the dynamics of microglial cells reactivity to injury 30 
was performed following the instructions from previous publication using scvelo 31 
package in SCANPY 53.  32 
 33 
Tissue preparation and immunohistochemistry of human brain tissues with 3,3′-34 
diaminobenzidine (DAB) development 35 
 36 
Sections were deparaffinized in xylene and rehydrated in 96% and 70% EtOH. Antigen 37 
retrieval was then performed for 30 min with the use of citrate buffer (10 mM, pH: 6,0) 38 
and washing steps with bidistilled water followed. Tissue was incubated in 4% 39 
hydrogen peroxidase solution for 10 min at RT, washed with bidistilled water and 40 
subsequently blocked for 30 min in RT in Blocking Buffer (1X PBS, 2.5% normal horse 41 
serum, 1% BSA, 0.1% Triton x-100, 0.2% Gold Fish Gelatine and 0.02% sodium azide 42 
solution (10%) and Avidin). Primaries were diluted in Blocking buffer with biotin and 43 
an overnight incubation at 40C was carried out. On the following day, the primaries 44 
were washed with PBS and biotinylated secondary antibodies (1:400 in blocking 45 
buffer) were applied and incubated for 30 min at RT. Washing steps with PBS followed 46 
and incubation with the Avidin-Biotin Complex (ABC) for 30 min at RT was carried out. 47 
After extensive washing with PBS, DAB solution was applied to the samples 48 
(ImmPACT DAB, SK4104 Vector). Stainings were checked under the microscope and 49 
the reaction was stopped in bidistilled water. 3 min in haematoxylin allowed the 50 
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counterstaining of samples. Dehydration in 70% and 96% EtOH and incubation in 1 
xylene were performed and the samples were then coverslipped.  2 
 3 
Quantification and statistical analysis 4 
 5 
Statistical analyses were performed with Prism 8 software (GraphPad Software). 6 
Individual animal experiments were performed with 4 or 5 zebrafish per group 7 
(identified by genotype and by condition, i.e. intact/injured). The specific number of 8 
animals analyzed is specified in each dot plot and quantifications were performed 9 
blindly. Data of same experimental groups derived from multiple experiments with 10 
identical conditions were combined and analyzed statistically to determine normality 11 
(n ≥8). All data analyzed passed normality test and for this reason unpaired t test, 12 
ordinary one-way ANOVA and two-way ANOVA were used when 2 groups, more than 13 
2 groups from different genotypes or conditions (i.e. intact, injured, drug-treated) or 14 
more than 2 groups from different genotypes and conditions were statistically 15 
analyzed, respectively. Statistical tests and post-hoc tests for multiple comparisons 16 
are indicated in the figure legends. Each data point is obtained by quantifying multiple 17 
sections (from zebrafish telencephalon) per biological replicate. Data are presented 18 
as the mean ± standard error of the mean (SEM).  19 
 20 
Data and software availability 21 
 22 
The scRNA-seq data has been deposited in GEO under accession code GEO: 23 
pending. 24 
The analysis was performed by following the guidelines obtained from previously 25 
released as open source codes on GitHub at the following 26 
links:https://github.com/theislab/single-cell-27 
tutorial/blob/master/latest_notebook/Case-study_Mouse-intestinal-28 
epithelium_1906.ipynb, https://github.com/brianhie/scanorama,  29 
https://github.com/theislab/scvelo_notebooks/blob/master/VelocityBasics.ipynb. 30 
 31 
Contact for reagent and resource sharing 32 
 33 
Further information and requests for resources and reagents should be directed to and 34 
will be fulfilled by the Lead Contact, Prof. Jovica Ninkovic (ninkovic@helmholtz-35 
muenchen.de). 36 
 37 
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 3 
Figures 4 
 5 
Fig. 1: Stab wound injury induces a pro-regenerative signature in a granulin a-6 
expressing microglial subpopulation 7 
(A) Representative images of 4C4+ microglia (white) at different time points after injury 8 
in the adult zebrafish telencephalon. Red and blue framed images are magnifications 9 
of brain parenchyma near (red) and far from (blue) from injury sites. Scale bars, 100 10 
µm or 20 µm (magnifications). 11 
(B) UMAP plot depicting color-coded cellular clusters identified through single-cell 12 
transcriptome analysis of Wt cells, isolated from intact and injured (3 and 7 dpi) 13 
zebrafish telencephali. Cells are colored according to their cell type identity; each point 14 
represents a single cell.  15 
(C) Dot plot depicting representative GO terms enriched in the gene set identifying 16 
microglial cells (cluster 17, Fig. 1B) at 3 dpi. GO Terms include Kyoto Encyclopedia of 17 
Genes and Genomes (KEGG) pathways, Molecular Function (MF)- and Cellular 18 
Component (CC)-related terms. Dot color, p-value; dot size, number of genes. 19 
(D) Subclustering of Wt microglial cells (cluster 17, Fig. 1B) isolated from intact and 20 
injured telencephali and combined. Cells are colored according to their microglial 21 
subcluster identity; each point represents a single cell. 22 
(E) Abundance of Wt microglial subclusters (from Fig. 1E) in different conditions: intact 23 
(top), 3 dpi (middle), 7 dpi (bottom).  24 
(F) Velocity analysis depicting Wt microglial dynamics in response to injury. Each dot 25 
represents a single cell. 26 
(G-J) Dot plots depicting the expression of genes associated with pro-regenerative 27 
mouse microglia 51 (G), identified as significantly enriched in MG0 activated microglia 28 
(H), associated with lipid droplet formation 46 (I), and depicting the expression of 29 
granulin genes in different conditions (J). Dot color, mean expression; dot size, fraction 30 
of cells. 31 
 32 
Fig. 2: Granulins are necessary and sufficient to limit prolonged microglial 33 
activation at injury sites 34 
(A) Representative images of 4C4 (red) and Plin3 (cyan) immunoreactivity in intact 35 
parenchyma and at injury sites in Wt and Grn-deficient brains. Scale bars, 20 µm. 36 
(B, C) Dot plots depicting the total number of Plin3+ droplets (B) and number of Plin3+ 37 
droplets within 4C4+ microglia (C) at injury sites in Wt and Grn-deficient brains. Data 38 
are shown as mean ±	SEM. Each point represents one animal. Significance was 39 
calculated with ordinary two-way ANOVA, and post-hoc Tukey test was used for 40 
multiple comparison. *p < 0.05, **p < 0.01. 41 
(D) Dot plot depicting the expression of genes associated with lipid droplet formation 42 
46 in Wt and Grn-deficient microglia. Dot color, mean expression; dot size, fraction of 43 
cells. 44 
(E) Heatmaps depicting triacylglycerols (TAGs) and diacylglycerols (DAGs) content in 45 
intact and injured Wt and Grn-deficient telencephali (7 dpi). Scale bar, z-score. 46 
(F) Experimental paradigm of intraparenchymal recombinant progranulin (PGRN) 47 
injections in the adult Grn-deficient zebrafish.  48 
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(G) Representative images of 4C4 (red) and Plin3 (cyan) immunoreactivity at injury 1 
sites in vehicle- and PGRN-injected Grn-deficient animals. Scale bars, 100 µm or 20 2 
µm (magnifications). 3 
(H, I) Dot plots showing the number of total Plin3+ droplets (H) and Plin3+ droplets 4 
within 4C4+ microglia (I) at injury sites of Wt, Grn-deficient and mPGRN-injected Grn-5 
deficient animals at 7 dpi. Data are shown as mean ±	SEM. Each point represents 6 
one animal. Significance was calculated with ordinary one-way ANOVA, and post-hoc 7 
Tukey test was used for multiple comparison. *p < 0.05, **p < 0.01, ***p < 0.001. 8 
 9 
Fig. 3: Granulin deficiency-induced neuroinflammation prolongs glial reactivity 10 
at injury sites and impairs restorative neurogenesis 11 
(A) Representative images of 4C4 (red) and Sox10 (cyan) immunoreactivity of injured 12 
Wt and Grn-deficient telencephalic hemispheres at different time points (3, 7 and 21 13 
dpi). Boxed areas representing injury site are magnified. Scale bars, 100 µm or 20 µm 14 
(magnifications). 15 
(B) Dot plot depicting the number of Sox10+ cells at injury sites in Wt and Grn-deficient 16 
animals. Data are shown as mean ±	SEM. Each point represents one animal. 17 
Significance was calculated with ordinary two-way ANOVA, and post-hoc Tukey test 18 
was used for multiple comparison. *p < 0.05, **p < 0.01. 19 
(C) Scheme depicting the experimental timeline of methanol/dexamethasone 20 
manipulations in the adult Grn-deficient brain. 21 
(D) Representative images of 4C4 (red) and Sox10 (cyan) of 22 
methanol/dexamethasone-treated Grn-deficient animals at 7 dpi. Scale bars, 100 µm 23 
or 20 µm (magnifications). 24 
(E) Dot plot depicting the number of Sox10+ cells injury sites in 25 
methanol/dexamethasone-treated Grn-deficient animals at 7 dpi. Data are shown as 26 
mean ±	SEM. Each point represents one animal. Significance was calculated with 27 
unpaired Student’s t-test. *p < 0.05, **p < 0.01. 28 
(F, G) Schemes depicting the experimental paradigm (F) and brain areas analyzed 29 
(G) to assess restorative neurogenesis in Wt and Grn-deficient animals. 30 
(H) Representative images and orthogonal projections of HuC/D (green) and BrdU 31 
(magenta) immunoreactivity in the telencephalic parenchyma of Wt and Grn-deficient 32 
animals. Boxed areas are magnified. Scale bars, 100 µm or 20 µm (magnifications). 33 
(I) Dot plot depicting the number of HuC/D+BrdU+ cells in the telencephalic 34 
parenchyma of Wt and Grn-deficient animals. Data are shown as mean ±	SEM. Each 35 
point represents one animal. Significance was calculated with unpaired Student’s T-36 
test. *p < 0.05, **p < 0.01. 37 
 38 
Fig. 4: Activated microglia fail to transition back to the homeostatic state in the 39 
Grn-deficient injured CNS 40 
(A) UMAP plot depicting subclustering of merged Wt and Grn-deficient microglial cells 41 
isolated from intact and injured (3 dpi and 7 dpi) telencephali on the basis of their 42 
transcriptomes. Cells are colored according to their microglial subcluster identity; each 43 
point represents a single cell.  44 
(B) UMAP plots depicting color-coded microglia from Wt or Grn-deficient zebrafish 45 
telencephali (intact and injured conditions were merged). Cells are colored according 46 
to which genotype they are isolated from; each point represents a single cell. 47 
(C) Velocity analysis depicting microglial dynamics in response to injury in Wt and Grn-48 
deficient microglia. Each dot represents a single cell. Dot color, p-value; dot size, 49 
number of genes. 50 
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(D, E) Dot plots depicting representative GO terms enriched in the upregulated gene 1 
set in Grn-deficient microglia compared with Wt microglia at 7 dpi (D) and enriched in 2 
MGO cells vs MG3 cells (E). Dot color, p-value; dot size, number of genes. 3 
(F, G) Dot plots depicting the expression of genes associated with lipid droplet 4 
formation 46 (F) and stress related genes 125 (G). Dot color, mean expression; dot size, 5 
fraction of cells. 6 
 7 
Fig. 5: Clearance of extranuclear TDP-43 condensates formed through LLPS is 8 
required for termination of microglia-driven neuroinflammation 9 
(A) Representative images of 4C4 (magenta), Plin3 (green) and TDP-43 (cyan) Wt 10 
and Grn-deficient injured telencephali at 3 dpi and 7 dpi. Scale bar, 20 µm. 11 
Yellow arrowheads indicate examples of extranuclear TDP-43+ condensates; white 12 
arrowheads indicate examples of nuclear TDP-43+ signal. 13 
(B) Dot plot depicting numbers of TDP-43+ condensates at injury sites in Wt and Grn-14 
deficient animals. Data are shown as mean ±	SEM. Each point represents one animal. 15 
Significance was calculated with ordinary two-way ANOVA, and post-hoc Tukey test 16 
was used for multiple comparison. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 17 
(C) Scheme of experimental paradigm of intraparenchymal injections of vehicle/TDP-18 
43 (uncleaved)/phase-separated TDP-43 (cleaved) in Wt zebrafish. 19 
(D) Schematic representation of TDP-43 (containing MBP tag) and phase-separated 20 
TDP-43 (MBP tag cleaved off).  21 
(E) Representative images of 4C4 (magenta) and Plin3 (green) in Wt injured (7 dpi) 22 
telencephali injected with vehicle, TDP-43 or phase-separated TDP-43 proteins. Scale 23 
bar, 20 µm. 24 
(F, G) Dot plots depicting total numbers of Plin3+ droplets (F) and numbers of Plin3+ 25 
droplets within 4C4+ microglia (G) at injury sites in vehicle/TDP-43-injected Wt 26 
animals. Data are shown as mean ±	SEM. Each point represents one animal. 27 
Significance was calculated with ordinary one-way ANOVA, and post-hoc Tukey test 28 
was used for multiple comparison. *p < 0.05, **p < 0.01. 29 
 30 
Fig. 6: Prevention of excessive LLPS-mediated formation of SGs is sufficient to 31 
terminate prolonged neuroinflammation in Grn-deficient animals 32 
(A) Scheme of experimental timeline of lipoamide/DMSO administration in injured Grn-33 
deficient animals. 34 
(B) Representative images of 4C4 (magenta), TDP-43 (cyan) and Plin3 (green) in 35 
injured (7 dpi) Grn-deficient animals treated with DMSO/lipoamide. Scale bar, 20 µm. 36 
(C, D) Dot plots depicting the total number of TDP-43+ condensates (C) and the 37 
number of Plin3+ droplets within 4C4+ microglia (D) at injury sites at 7 dpi in Wt, Grn-38 
deficient and lipoamide-treated Grn-deficient animals. Data are shown as mean 39 
±	SEM. Each point represents one animal. Significance was calculated with ordinary 40 
one-way ANOVA, and post-hoc Tukey test was used for multiple comparison. *p < 41 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 42 
(E) UMAP plot depicting subclustering of merged Wt and Grn-deficient (including 43 
lipoamide-treated cells) microglial cells isolated from intact and injured (3 dpi and 7 44 
dpi) telencephali on the basis of their transcriptomes. Cells are colored according to 45 
their microglial subcluster identity; each point represents a single cell. 46 
(F) UMAP plot depicting color coded microglia from lipoamide-treated Grn-deficient 47 
zebrafish telencephali (for lipoamide-treated microglia, only 7 dpi was included). Cells 48 
are colored according to which condition and genotype they are isolated from; each 49 
point represents a single cell. 50 
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(G) Abundance of microglial subclusters (from Fig. 6E) in different conditions: 1 
untreated Grn-deficient (top) and lipoamide-treated Grn-deficient microglia (bottom) at 2 
7 dpi. 3 
(H) Dot plot depicting representative GO terms enriched in the downregulated gene 4 
set of lipoamide-treated Grn-deficient microglia at 7 dpi (compared with untreated Grn-5 
deficient microglia at the same time point). GO Terms include Kyoto Encyclopedia of 6 
Genes and Genomes (KEGG) pathways, Molecular Function (MF)- and Cellular 7 
Component (CC)-related terms. Dot color, p-value; dot size, number of genes. 8 
(I, J) Dot plots depicting the expression of genes associated with lipid droplet formation 9 
46 (I) and stress-related genes 125 (J) in untreated Grn-deficient and lipoamide-treated 10 
Grn-deficient microglia at 7 dpi. Dot color, mean expression; dot size, fraction of cells. 11 

 12 
Fig. 7: Stroke induces lipid droplet and SG formation in the human brain 13 
(A, B) Representative images of IBA1, PLIN3, TDP-43 and G3BP immunoreactivity in 14 
healthy area distant from stroke area (A) and penumbra area (B) from post-mortem 15 
human brain tissues obtained from patients with ischemic stroke. Scale bar, 200 µm 16 
or 20 µm (magnifications).  17 
 18 
Extended Data Figures 19 
 20 
Extended Data Fig. 1: Extended scRNA-seq analysis of Wt cells 21 
(A) UMAP plot depicting color-coded cellular clusters identified on the basis of the 22 
single-cell transcriptome analysis of cells isolated from intact and injured (3 and 7 dpi) 23 
Wt zebrafish telencephali. Cells are colored according to their cell type identity; each 24 
point represents a single cell.  25 
(B) Injury response kinetics of indicated cell types relative to intact condition.  26 
(C) UMAP plots depicting color-coded Wt conditions (intact, 3 dpi, 7 dpi). Cells are 27 
colored according to the condition they are isolated from; each point represents a 28 
single cell. 29 
(D) UMAP plots depicting characteristic cell-type marker gene expression (identifying 30 
microglial, radial glial, oligodendroglial and neuronal clusters) in single cells isolated 31 
from intact and injured (3 and 7 dpi) Wt telencephali. Scale, normalized expression 32 
level; each point represents a single cell. 33 
(E) Table depicting the number of differentially upregulated genes in specific condition 34 
in microglia isolated from Wt telencephali. 35 
(F-G) Dot plots depicting the expression of genes associated with lipid droplet 36 
formation in different conditions (Marschallinger et al., 2020) (F) and expression of 37 
granulin genes in different microglial subclusters (G). Dot color, mean expression; dot 38 
size, fraction of cells. 39 
 40 
Extended Data Fig. 2: Lipid composition of Wt and Grn-deficient telencephali  41 
(A) Representative images of 4C4 (red) and Plin3 (cyan) immunoreactivity with 42 
orthogonal projections at injury sites in Wt and Grn-deficient brains displaying 43 
colocalization of Plin3+ lipid droplets with 4C4+ microglial cells. Scale bars, 20 µm. 44 
(B) Dot plot showing the proportion of Plin3+4C4+ double-positive lipid droplets among 45 
total Plin3+ droplets at injury sites in Wt and Grn-deficient brains. Data are shown as 46 
mean  ± SEM. Each point represents one animal. Significance was calculated with 47 
ordinary two-way ANOVA, and post-hoc Tukey test was used for multiple comparison.  48 
(C) Representative images of 4C4 (red) and BODIPY (cyan) reactivity at injury sites 49 
in Wt and Grn-deficient brains. Scale bars, 20 µm. 50 
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(D) Heatmaps depicting phosphatidylcholine (PC), cholesteryl ester (CE) and 1 
phosphatidylethanolamine (PE) content in intact and injured (7 dpi) Wt and Grn-2 
deficient telencephali. Scale bar, z-score. 3 
 4 
Extended Data Fig. 3: Extended characterization of wound healing progression 5 
in Wt and Grn-deficient CNS 6 
(A) Representative images of 4C4 (red) and Sox10 (cyan) immunoreactivity in intact 7 
Wt and Grn-deficient telencephalic hemispheres. Boxed areas are magnified. Scale 8 
bars, 100 µm or 20 µm (magnifications). 9 
(B) Dot plot depicting the number of Sox10+ cells in intact Wt and Grn-deficient brains. 10 
Data are shown as mean ± SEM. Each point represents one animal. Significance was 11 
calculated using Student’s t-test. 12 
(C) Representative images of DAPI (white) labelling in intact and injured (3 and 7 dpi) 13 
Wt and Grn-deficient telencephali. Scale bars, 100 µm. 14 
(D) Scheme depicting the experimental timeline of dexamethasone/methanol 15 
manipulations in the adult Grn-deficient brain at 3 dpi. 16 
(E) Representative images of 4C4 (red) and Sox10 (cyan) of 17 
methanol/dexamethasone-treated Grn-deficient animals at 3 dpi. Scale bars, 100 µm 18 
or 20 µm (magnifications). 19 
(F) Dot plot depicting the number of Sox10+ cells at injury sites in 20 
methanol/dexamethasone-treated Grn-deficient animals at 3 dpi. Data are shown as 21 
mean ± SEM. Each point represents one animal. Significance was calculated using 22 
Student’s t-test. 23 
 24 
Extended Data Fig. 4: Extended scRNA-seq analysis of Wt and Grn-deficient 25 
cells 26 
(A) UMAP plot depicting color-coded cellular clusters identified on the basis of the 27 
single-cell transcriptome analysis of cells, isolated from intact and injured (3 and 7 dpi) 28 
Wt and Grn-deficient zebrafish telencephali. Cells are colored according to their cell 29 
type identity; each point represents a single cell. 30 
(B) UMAP plots depicting color-coded intact and injured (3 and 7 dpi) conditions from 31 
Wt and Grn-deficient zebrafish telencephali. Cells are colored according to the 32 
condition they are isolated from; each point represents a single cell.  33 
(C) UMAP plots depicting characteristic cell-type marker gene expression (identifying 34 
microglial, radial glial, oligodendroglial and neuronal clusters) in single cells isolated 35 
from intact and injured (3 and 7 dpi) Wt and Grn-deficient zebrafish telencephali. 36 
Scale, normalized expression level; each point represents a single cell. 37 
(D) UMAP plot depicting subclustering of Wt and Grn-deficient microglial cells in intact 38 
an injured telencephali based on their transcriptome. Cells are colored according to 39 
their microglial subcluster identity; each point represents a single cell. (Same as Fig. 40 
4A). 41 
(E) Abundance of microglial subclusters (from Fig. S4D) from different Wt and Grn-42 
deficient conditions: intact (left), 3 dpi (middle) and 7 dpi (right). 43 
(F) Similarity matrix depicting correlation between Wt-only microglial subclusters (from 44 
Fig. 1) and merged (Wt and Grn-deficient) microglial subclusters (from Fig. 4). Scale 45 
bar, similarity index.  46 
(G) UMAP plots depicting the cell identity of Wt microglia to correlate Wt-only 47 
microglial subclusters (from Fig. 1) and merged (Wt and Grn-deficient) microglial 48 
subclusters (from Fig. 4). 49 
 50 
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Extended Data Fig. 5: Characterization of TDP-43+ condensate formation and 1 
clearance in response to brain injury 2 
(A) Representative images of HuC/D (magenta) and TDP-43 (cyan) immunoreactivity 3 
in intact zebrafish telencephalon. Scale bar, 100 µm or 20 µm (magnifications). 4 
(B) Representative images of 4C4 (magenta) and TDP-43 (cyan) immunoreactivity 5 
with orthogonal projections at injury sites of Wt and Grn-deficient brains displaying 6 
colocalization of TDP-43+ condensates with 4C4+ microglial cells. Scale bar, 20 µm. 7 
(C) Experimental paradigm of the intraparenchymal recombinant progranulin (PGRN) 8 
injections in the adult Grn-deficient zebrafish.  9 
(D) Representative images of 4C4 (magenta) and TDP-43 (cyan) immunoreactivity at 10 
injury sites of vehicle- and PGRN-injected Grn-deficient animals. Scale bars, 100 µm 11 
or 20 µm (magnifications). 12 
(E) Dot plot depicting the numbers of TDP-43+ condensates at injury sites of Wt, Grn-13 
deficient and PGRN-injected Grn-deficient animals at 7 dpi. Data are shown as mean 14 
±	SEM. Each point represents one animal. Significance was calculated with ordinary 15 
one-way ANOVA, and post-hoc Tukey test was used for multiple comparison. *p < 16 
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 17 
 18 
Extended Data Fig. 6: Specificity of phase-separated TDP-43 overload in 19 
promoting persistent neuroinflammation 20 
(A) Scheme depicting the experimental paradigm of intraparenchymal injections of 21 
vehicle/uncleaved/cleaved TDP-43 and FUS in Wt zebrafish.  22 
(B) Coomassie blue-stained SDS-PAGE gel of different intraparenchymal injection 23 
solutions: vehicle (buffer + TEV), TDP-43 (uncleaved) and phase-separated TDP-43 24 
(cleaved). 25 
(C) Representative bright field microscopy images of phase-separated TDP-43 26 
(cleaved) and unseparated TDP-43 (uncleaved). Scale bar, 50 µm or 25 µm 27 
(magnifications). 28 
(D) Representative images of 4C4 (magenta) and TDP-43 (cyan) in injured (7 dpi) Wt 29 
telencephali injected with TDP-43 (uncleaved) or phase-separated (cleaved) TDP-43. 30 
Scale bar, 20 µm. 31 
(E) Dot plot depicting the total number of TDP-43+ condensates at injury sites in 32 
vehicle-, TDP-43- and phase-separated TDP-43-injected Wt animals at 7 dpi. Data are 33 
shown as mean ± SEM. Each point represents one animal. Significance was 34 
calculated with ordinary one-way ANOVA, and post-hoc Tukey test was used for 35 
multiple comparison. *p < 0.05, **p < 0.01. 36 
(F) Dot plot depicting the expression of tardbp and tardbpl genes in microglia in 37 
different Wt conditions. Dot color, mean expression; dot size, fraction of cells. 38 
(G) Schematic representation of FUS (containing MBP tag) and phase-separated 39 
(MBP tag cleaved off) FUS proteins. 40 
(H) Representative images of 4C4 (magenta) and Plin3 (green) in Wt injured (7 dpi) 41 
telencephali injected with FUS (uncleaved) or phase-separated (cleaved) FUS. Scale 42 
bar, 20 µm. 43 
(I-J) Dot plots depicting the total numbers of Plin3+ lipid droplets (I) and numbers of 44 
Plin3+ lipid droplets within 4C4+ microglia (J) at injury sites in vehicle/FUS-injected 45 
Wt animals. Data are shown as mean ± SEM. Each point represents one animal. 46 
Significance was calculated with ordinary one-way ANOVA, and post-hoc Tukey test 47 
was used for multiple comparison. 48 
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2.3 Aim of study III  

The study aims to generate a transcriptomic toolbox of the injured murine brain, which 

can be used to understand cellular reactivity in response to injury and identify 

therapeutical targets to improve regeneration. As a target, I assessed the role of two 

innate immunity pathways, namely Tlr1/2 and Cxcr3, in glial reactivity upon injury in the 

murine cerebral cortex. 
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Abstract  
Traumatic brain injury (TBI) is a major contributor to death and disability and is 

a risk factor for the development of neurodegenerative diseases. The initial trauma 
disrupts brain homeostasis leading to a highly orchestrated immune- and glial cell 
response. A holistic understanding of mechanisms involved in the injury-induced 
activation of specific cell types is indispensable for manipulating their response. Thus, 
we developed a toolbox profiling the transcriptional changes across various cell types 
in spatial and temporal context. By combining spatial- and single-cell transcriptomics, 
we revealed the transcriptomic signature of the injured murine cerebral cortex, which 
is shaped by distinct subpopulations of astrocytes, microglia, and oligodendrocyte 
precursor cells (OPCs) accumulating around the injury site. Interestingly, these cellular 
subpopulations displayed a shared inflammatory signature involving the innate 
immune-related pathways Tlr1/2 and Cxcr3. Systemic manipulation of these pathways 
altered the transcriptional profile of glial cells associated with selective changes of their 
reactive states. 
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Introduction 
Traumatic brain injuries (TBIs) are important health and societal problem as 

TBIs affect people of all ages and is one of the major causes of death and disability. 
In the European Union alone around 1.5 million incidences are annually reported1,2. 
TBIs are defined as acute brain insults due to an external force, such as direct impact 
of the penetrating object on the brain or acceleration/deceleration force-induced 
concussions2. TBI-induced damages are characterized by complex and progressive 
pathophysiology, triggering structural and functional changes and can be classified 
into primary and secondary damage3. The primary damage is triggered at the time of 
injury by the external force itself leading to neuronal and glial cell death, axonal 
damage, edema and disruption of the BBB4. The initial insult is followed by progressive 
secondary damage phase, which develops over hours and days, including metabolic, 
neurochemical, cellular and molecular changes4,5. Additionally, secondary damages 
further induce neuronal circuit dysfunction, neuroinflammation, oxidative stress and 
protein aggregation. These cellular changes have been linked to prolonged symptom 
persistence and increased vulnerability to additional pathologies, including 
neurodegenerative disorders4,5. 

The TBI-induced pathophysiology evolves through a highly orchestrated 
response of glial cells with peripherally derived infiltrating immune cell populations3. 
Upon CNS insults, brain-resident microglia are rapidly activated and change their 
morphology to a hypertrophic, ameboid morphology6. Additionally, activated microglia 
proliferate, polarize and extend their processes and migrate to the injury site3,7. Similar 
to microglia, the oligodendrocyte progenitor cells (OPCs), known as NG2-glia, display 
rapid cellular changes in response to damage, including hypertrophy, increase in cell 
number, polarisation and migration towards the injury site8–11. Although, astrocytes 
also react to injury with changes in their morphology, gene expression and function in 
a process referred to “reactive astrogliosis”, cell number enlarges only slightly and 
astrocyte proliferation occurs later in the time course of the injury8,12,13. Reactive 
astrocytes are characterised by upregulation of intermediate filaments, such as glial 
fibrillary acidic protein (GFAP), nestin and vimentin13–15. In contrast to microglia and 
OPCs, astrocytes do not migrate to the injury area after stab-wound injury and only a 
small proportion of astrocytes, located around blood vessels (juxtavascular 
astrocytes), proliferate16. These initial responses facilitate the formation of a glial 
border between intact and damaged tissue12,17,18, which is not only necessary to 
restrict the damage12,17–19 but also to promote axonal regeneration and circuit 
restoration12,19–21. However, an adequate border establishment requires distinct 
reactions of glial cells in relative distance to the injury site. Indeed, for astrocytes and 
OPCs it has already been demonstrated that the distance from the injury site is 
shaping their reactive state10,16,22. Despite recent advances on deciphering molecular 
signals essential for driving cells in distinct reactive states20,23,24, the molecular 
pathways and cellular interactions underlying glial border formation are largely 
unknown. Essential cross-regulations of different cell types have been reported in 
several pathological conditions25–27, including the TBI23,28. For example, under 
neuroinflammatory conditions, reactive microglia instruct astrocytes to be 
neurotoxicity29. Furthermore, proliferating astrocytes regulate monocyte invasion23, 
while BBB dysfunction alters astrocyte homeostasis and contributes to epileptic 
episodes30,31 following TBI. 

One major limitation preventing a comprehensive understanding of cellular 
interactions and mediating signals essential for glial border formation is the restricted 
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view of most studies on a single cellular population. Addressing the injury-induced 
changes holistically requires a broad investigation of multiple cell types in the injury 
milieu and would hence provide a thorough insight in the cellular reactivity following 
brain injury. To unbiasedly identify regulatory pathways inducing distinct spatial glial 
reaction and to understand how each cell type contributes to glial border formation 
following TBI, we generated a cellular profile at spatial and single-cell resolution, using 
the 10x Genomics platforms Visium and Chromium, respectively. This data provided 
insights into the spatial, temporal and single-cell responses of multiple cell types and 
revealed a novel, so far overlooked common injury-induced innate immunity-shared 
glia signature. 

Results 
Brain injury elicits localised, injury-specific transcriptomic profile in the murine 
cerebral cortex 

Traumatic brain injury (TBI) induces coordinated cellular reactions leading to 
glial border formation and isolation of the injury site from adjacent healthy tissue12. 
Importantly, the TBI-induced cellular response is dependent on the distance of the cell 
to the injury site9,16. To unbiasedly identify regulatory pathways leading to individual, 
spatially defined reaction of glial cells associated with glial border formation after stab-
wound injury, we made use of the 10x Genomics Visium Spatial Gene Expression 
platform (Visium). This gave us the advantage not only to investigate the expression 
of a multitude of genes at the injury site but also to examine their dynamic expression 
as a function of the distance to the injury. The primary impact initiates a cascade of 
processes, which involve reaction of both: glial- and infiltrating or resident immune 
cells22,32. To capture the response of both, infiltrating immune cells (peak at 3 days 
post-injury (dpi)23) and different glial cells (reactivity peak range 2-5dpi13,23,33), we 
performed spatial transcriptomics at 3dpi. Injury-induced alterations were determined 
by comparing stab-wounded brain sections to corresponding intact sections (Fig. 1a, 
Ext. Fig. 1a). Stab wound injuries were performed at the border between the motor 
and somatosensory cortex of both hemispheres by inserting a V-lance surgical knife 
into the cortical parenchyma without injuring the white matter as previously 
described34. Since our main focus lies on examining the injury-induced changes in the 
cerebral cortex, we manually resected the mouse brain (Fig. 1a, Ext. Fig. 1a) to 
generate smaller sample sizes. This allowed us to position two parenchymal sections 
on a single capture area (Ext. Fig. 1b). Each section contained the following brain 
areas: cortex (CTX), white matter (WM) and hippocampal formation (HPF), as 
identified by using the Allen brain atlas as a reference (Fig. 1b). The selected sections 
covered 1991 and 1740 spots of the Visium capture area, of intact and injured 
condition, respectively. Libraries were prepared using the 10x Visium approach and 
were subsequently sequenced on the Illumina NextSeq 2000 platform. The quality of 
both data sets was examined utilizing the scanpy35 and squidpy pipelines35,36. 

To identify changes induced by the injury, we integrated the two datasets and 
analyzed in total 3710 spots with 4804 median genes per spot. We identified 16 
transcriptomic signatures (clusters) based on transcriptional similarities using the 
highly variable genes and dimensionality reduction using 17 principal components 
(Fig. 1c, Ext. Fig. 1c, d, Ext. Table 1). Notably, we were able to identify clusters 
corresponding to specific anatomical structures such as cluster II expressing genes 
characteristic of cortical layer 2/3 neurons, cluster VIII genes representing layer 4 
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neurons, cluster I genes identifying layer 5- and cluster IV genes characterizing layer 
6 neurons37 (Ext. Fig. 1c-e, Ext. Table 2). Importantly, this global cortical layer 
patterning was not affected by the injury as we could observe similar clusters 
identifying neuronal layers also in the injured brain section (Fig. 1c, Ext. Fig. 1c, e). 
However, in addition to clusters characterizing individual anatomical structures, we 
were also able to identify an injury-specific cluster, cluster VI that was localized around 
the injury core (Fig. 1b, c, Ext. Fig. 1c). Interestingly, cluster VI spread throughout 
cortical layers 1-5 and was absent in the intact brain sections (Fig. 1c, Ext. Fig. 1c). 
Cluster VI was characterised by a specific transcriptomic signature and showed 
enrichment of genes related to reactive astrocytes38–41 (Gfap, Lcn2, Serpina3n, Vim, 
Lgals1, Fabp7 and Tspo) and microglia42 (Aif1, Csf1r, Cd68, Tspo), which have been 
reported before to be hallmarks of CNS damage40 (Fig. 1d, Ext. Fig. 1d, Ext. Table 1). 

To understand the spatial distribution of these reactivity hallmarks, we 
conducted spatial trajectory analysis using the SPATA2 analysis pipeline43. This 
allowed us to visualise individual gene expression patterns as a function of the 
distance from the injury core (Fig. 1e). Along the mediolateral trajectory we compared 
gene expression patterning to a variety of mathematical models (using the function 
assessTrajectoryTrends). We mainly focused on the ‘peaking genes’, which displayed 
enriched expression at the injury core (Fig. 1f, Ext. Fig. 1f). Among the top genes, 
which peaked in the injured area (Ext. Fig. 1f), we validated the expression of 
Serpina3n and Lcn2 on RNA and protein level, as both genes exhibited strong 
specificity to the injury area, both by clustering (Fig. 1g) and the trajectory analysis 
(Fig. 1h). In line with the spatial gene expression analysis, Serpina3n and Lcn2 
displayed an enriched expression profile in the injured area, overall reminiscent of 
cluster VI patterning (Fig. 1c). Although, both genes are particularly enriched at the 
injury site, Serpina3n expression, in comparison to Lcn2, is not exclusively restricted 
to the injury, but can also be observed in subcortical areas such as the HPF (Fig. 1i, 
j). Additionally, we investigated the expression of Cd68 as one of the genes being 
specific for cluster VI (Fig. 1g). However, since Cd68 expression is solely restricted to 
the injury core and the expression in the injury vicinity is negligible, a fit to mathematic 
models was not attainable (Fig. 1g, h, Ext. Fig. 1f). A pronounced expression of Cd68 
around the injury core was further confirmed with RNA scope as well as by 
immunohistochemistry (Fig. 1i, j). 

Furthermore, to get a closer insight into the regulated processes within cluster 
VI, we performed Gene Ontology (GO) term analysis using the 718 significantly 
enriched genes (pval < 0.05, log2 fold change > 1) of this cluster in comparison to all 
other clusters. The main regulated biological processes (BP) were related to immune 
response and angiogenesis, whereby the molecular functions (MF) and the cellular 
components (CC) exhibited changes in genes related to the extracellular matrix (Fig. 
1k). All these processes have been reported to drive glial reaction in response to brain 
injury and to facilitate glial border formation19. Moreover, processes associated with 
phagocytosis (lysosome, lytic vacuole, phagocytotic vesicle) were enriched in cluster 
VI (Fig. 1k), in line with the described importance of phagocytotic processes in the 
context of brain insults44. Taken together, our spatial gene expression analysis 
identified an injury-specific cluster, characterized by angiogenesis and immune 
system-related processes, including phagocytosis. 
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Multiple cellular states contribute to injury-induced local transcriptome 

Even though the Visium platform offers the possibility to profile transcriptomic 
changes by preserving spatial information, the profile itself arises from multiple cells, 
which are captured in each spot (1-10 cell resolution). To assess the cellular 
composition of the injured area and to identify which cell population(s) define the 
transcriptomic profile of cluster VI, we performed single-cell RNA-sequencing (scRNA-
seq) analysis from intact and stab wound-injured (3dpi) cortices by utilizing the droplet-
based approach offered by the 10x Genomics Chromium platform (Fig. 2a). After 
applying quality control filters, we identified in total 6322 single cells (Fig. 2b) emerging 
from both conditions (Intact: 2676 cells, 3dpi: 3646 cells, Fig. 2c) with overall 19290 
detected genes. Cells were distributed in 30 distinct clusters based on the expression 
of highly variable genes and subsequent unsupervised clustering (Fig. 2b, Ext. Fig. 
2a, b). To annotate these clusters, we selected the 50 most enriched genes of each 
cluster and used online available databases for the mouse brain 
(http://mousebrain.org) and immune cells 
(http://rstats.immgen.org/MyGeneSet_New/index.html) to reveal their identity. By this 
approach, we identified neuronal as well as glial clusters including astrocytes, 
microglia and oligodendrocyte lineage cells besides vascular cells, pericytes and 
multiple types of immune cells (Fig. 2b, Ext. Fig. 2a, b). Additionally, we generated 
gene expression scores based on established marker genes of well-characterized cell 
populations in the adult mouse brain (Ext. Table 3). Indeed, these gene scores 
exhibited enrichment in the corresponding cellular populations, further cross-validating 
the cluster annotation (Fig. 2d). 

Interestingly, by comparing the cell distribution between both conditions (intact 
and injured), we observed that several clusters of immune and glial cells were highly 
abundant only in the injured paradigm (Fig. 2c, Ext. Fig. 2a). Clusters ‘8_NKT/T cells’, 
‘13_Macrophages/Monocytes’, ‘17_DCs’, ‘18_Monocytes’ and ‘22_DCs’, for example, 
mainly appeared after injury and in addition to their distinct cell identity markers (Ext. 
Fig. 2b, Ext. Table 4) were also expressing Ccr26,22 (Ext. Fig. 1c). Microglia clusters, 
which appeared after injury (‘11_Microglia’, ‘16_Microglia’), exhibited high expression 
of Aif1 and low expression of the homeostatic microglia markers Tmem119 and 
P2ry1245 (Ext. Fig. 2c). Similarly, the astrocytic clusters ‘12_Astrocytes’ and 
‘23_Astrocytes’ were mainly displayed in the injured condition and were characterized 
by high expression of classical reactive astrocyte markers such as Gfap and Lcn238,46 
(Ext. Fig. 2d). In addition to microglia and astrocytes, also OPC cluster ‘15_OPCs’ was 
mainly present after injury (Ext. Fig. 2a). The cells of cluster ‘15_OPCs’ expressed a 
combination of several genes related to cell cycle (G2M phase, Ext. Table 547,48) and 
Cspg4 (Ext. Fig. 2e), both hallmarks of NG2-glia which rapidly proliferate upon brain 
injury9.  

To elucidate, which of these cellular clusters form the injury-specific 
transcriptome of cluster VI, we mapped the single cell expression data onto the spatial 
gene expression data set (Fig. 2e-f, Ext. Fig. 3 + 4) using Tangram49. To implement 
Tangram, we restricted the data set to the cortical clusters of the Visium data set 
(Clusters: I, II, IV, VI, VII, VIII, IX) in order to include the same anatomical region as 
for the acquisition of the scRNA-seq data. We trained Tangram by using 439 training 
genes. This gene set constituted the union of top marker genes for each cluster in the 
scRNA-seq data set, which were also detectable in the Visium. The training genes 
were selected using the AutoGeneS50 pipeline (for more details see the methods 
section). The probabilistic mapping predicted cluster ‘11_Microglia’, ‘16_Microglia’, 
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‘12_Astrocytes’, ‘23_Astrocytes’, ‘13_Macrophages/Monocytes’, ‘18_Monocytes’ and 
‘15_OPCs’ to be localized in proximity to the injury core (Fig. 2e, Ext. Fig. 3a). In 
contrast, neuronal clusters ‘1_Neurons’, ‘2_Neurons’, ‘24_Neurons’ as well as 
astrocytic clusters ‘3_Astrocytes’, ‘5_Astrocytes’, ‘7_Astrocytes’ and ‘9_Astrocytes' 
displayed decreased representation around the injury site (Ext. Fig. 3a). Additionally, 
we used the H&E image of the Visium data set to estimate the cell number within each 
spot of the Visium capture area, which in combination with the probabilistic mapping 
can be used for deconvolution. To some extent, this analysis further associated the 
above-mentioned clusters with the injury milieu (Fig. 2f, Ext. Fig. 4a, b). Importantly, 
not all glial cells contributed to the injury environment (Ext. Fig. 3b, 4b). The vast 
majority of astrocytic clusters, with the only exception of clusters ‘12_Astrocytes’ and 
‘23_Astrocytes’, did not show an enriched mapping at the injury site and this was also 
true for the oligodendrocyte clusters “20_MOL” and “27_COPs” (Ext. Fig. 3b). 
Furthermore, also with the deconvolution analysis these populations displayed no 
enrichment to the injury vicinity (Ext. Fig. 4c). In summary, by combining spatial 
transcriptomics with corresponding scRNA-sequencing data sets, we identified an 
injury-specific transcriptional profile, which exhibits an enrichment of individual glial 
subpopulations and subsequent depletion of distinct astrocytic and neuronal clusters. 

Injury induces common transcriptomic changes in glia cells 

Glia cell reactivity exhibits various temporal dynamics in response to 
injury13,23,33, thus we decided to add an additional timepoint, 5dpi, to our scRNA-seq 
analysis (Fig. 3a). After the quality check, datasets of intact and injured samples, from 
both timepoints (3 and 5dpi), were integrated and batch corrected using the scVI 
tool51,52. In total, we retrieved 35240 cells (Intact: 16567, 3dpi: 3637, 5dpi: 13658) with 
overall 19290 detected genes. Using unsupervised clustering, these cells were 
distributed among 35 clusters (Fig. 3b, Ext. Fig. 5a-c, Ext. Table 6). By comparing all 
three conditions (Intact, 3dpi and 5dpi) we observed several clusters being mainly 
formed by cells originating from injured samples (Ext. Fig. 5b). Additionally, we did not 
observe any of these injury-induced clusters being specific to one timepoint (Ext. Fig. 
5b). 

To unravel how each population transited from a resting, homeostatic to an 
activated, reactive state we focused on each individual population separately. Hence, 
we further subclustered astrocytes, microglia and oligodendrocytes (Fig. 3c-e, Ext. Fig. 
6). As expected, we identified distinct clusters in each of the investigated cell 
populations consisting mainly of cells from the injured samples (Ext. Fig. 6c, h, m). In 
line with their origin, these cells also expressed typical markers of glial reactivity. We 
identified clusters ‘AG5’, ‘AG6’ and ‘AG8’ as the main population of reactive astrocytes 
(Fig. 3c, Ext. Fig. 6a-e), which expressed high levels of Gfap, Vim and Lcn238,46 (Ext. 
Fig. 6e). Microglial clusters ‘MG4’ and ‘MG6’ displayed high expression of Aif1 and 
low expression of the homeostatic markers Tmem119 and P2ry1245(Fig. 3d, Ext. Fig. 
6f-j). By subclustering cells belonging to the oligodendrocytic lineage, we were able to 
identify two populations of OPCs (‘OPCs1’ and ‘OPCs2’) (Fig. 3e, Ext. Fig. 6k-o), with 
cluster ‘OPCs2’ containing mainly cells from the injured samples (Fig. 3e). Of note, we 
were not able to identify a unique marker within the ‘OPCs2’ cluster, which could 
henceforth be used as a reactive OPC marker (Ext. Fig. 6o). Importantly, cells from 
the injury-responding clusters, as identified by the single cell deconvolution analysis 
(‘11_Microglia’, ‘12_Astrocytes’, ‘15_OPCs’ (Fig. 2f, Ext. Fig. 4)), also predominantly 
mapped to the glial subclusters that are evoked by injury (Ext. Fig. 6d, i, n). This 
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ensures, together with the above highlighted marker expression, the reactive state of 
these glial subclusters (therefore from now on referred to as reactive clusters).  

By subclustering glial cells and investigating those at higher resolution, we did 
not discover any cluster(s) being unique for either the 3 or 5 dpi timepoint. Hence, this 
finding hints towards a gradual activation of glial cells in response to injury rather than 
distinct, timepoint-dependent activation states. To shed light on this hypothesis, we 
examined the cell distributions of all subclustered glial cells among all timepoints 
(Intact, 3dpi and 5dpi, Fig. 3c-e). Interestingly, we observed prominent changes in the 
distribution of reactive clusters between the two timepoints after injury. More 
specifically, many of the astrocytes at 3dpi were still present in the homeostatic 
clusters and partially in the reactive clusters ‘AG6’ and ‘AG8’, whereas at 5dpi most 
cells were residing in cluster AG5 (Fig. 3c). Microglia on the other hand displayed a 
faster transition to reactivity compared to astrocytes, as at 3dpi the vast majority of 
cells were already localized in the reactive clusters ‘MG4’ and ‘MG6’. At 5dpi, however, 
most of the cells started to transition back to the homeostatic clusters with a high 
proportion of cells being present in cluster ‘MG3’ (Fig. 3d). Furthermore, also OPCs 
reacted promptly after injury as at 3dpi the majority of cells resided in the reactive 
cluster ‘OPCs2’, whereas only a few cells were present in this cluster at 5dpi (Fig. 3e). 
All these findings are in line with the literature, where it has been described that 
microglia and OPCs rapidly respond to injury with their reactivity peak ranging from 2-
3dpi, whereas, based on immunohistochemical analysis13,23,33, astrocyte reactivity 
peaks at 5dpi. 

The enriched immune system-related processes around the injury site, as 
depicted by the spatial transcriptomic, and the identification of specific reactive 
subtypes of glial cells, which populate the injury environment, raised the question of 
whether the inflammatory gene expression is a unique signature of one specific cell 
type or whether it is a common feature of reactive glia. Therefore, within each glial 
population (Fig. 3 c-e), we extracted the differentially expressed genes (DEGs) of each 
glial subcluster (pval < 0.05, log2 fold change > 1.6 or log2 fold change < -1.6) and 
compared those among the entity of all glial subclusters (Ext. Fig. 7a, b). Interestingly, 
we could observe that among all clusters the highest similarity of upregulated genes 
was evident between the reactive glial clusters (‘MG4’, ‘AG5’ and ‘OPCs2’) with 66 
enriched genes commonly shared (Ext. Fig. 7b). This data therefore implies that in 
response to injury individual reactive glial clusters might share some cellular programs. 
Hence, we performed GO term analysis using the 192 commonly upregulated genes, 
that arose from the comparison of clusters ‘MG4’, ‘AG5’ and ‘OPCs2’, independent of 
other glial subclusters (Fig. 4a). Most of the commonly regulated processes were 
related to cell proliferation (Fig. 4b), which has been reported to be a shared hallmark 
of glial cell reactivity13,38. Furthermore, we could also identify processes related to 
innate immunity (Fig. 4b) with many genes being associated to the type I interferon 
signaling pathway (Ifitm3, Ifit3, Bst2, Isg15, Ifit3b, Irf7, Ifit1, Ifi27l2a, Oasl2, Oas1a) 
(Fig. 4c) as well as Cxcl10, a ligand activating the Cxcr3 pathway53. Additionally, we 
observed common expression of Galectin1 (Lgals1) by a subset of microglia, 
astrocytes and OPCs which was also validated on protein level (Ext. Fig. 8b-d). 
Noteworthy, the expression of these innate immunity-related genes is clearly restricted 
to distinct glia subpopulations, as not all glial cells co-express these markers (Fig. 4g, 
Ext. Fig. 8b-d). Taken together, our data proposes a common inflammatory regulation 
in a subset of glial cells in response to injury. 
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Regulation of injury-induced innate immune response via Cxcr3 and Tlr1/2 
pathways 

Shared regulation of the innate immunity pathways, including components of 
Tlr2 and Cxcr3 pathways (Ext. Fig. 8e), and our recent findings that Cxcr3 and Tlr1/2 
regulate OPC accumulation at the injury site in the zebrafish brain54, prompted us to 
investigate the role of Cxcr3 and Tlr1/2 pathways in response to mammalian stab-
wound injury. We performed scRNA-seq analysis at 3dpi and 5dpi following treatment 
with a specific antagonist for the Cxcr355 (NBI-74330) and a Tlr1/2 pathway inhibitor 
(CU CPT 22)56 (from now on referred to as SW INH or if distinct timepoints are 
addressed 3/5dpi_INH) (Fig. 5a). The specificity of these chemical compounds was 
validated using a murine knock-out OPC cell lines54. Following quality control steps, 
the data was integrated with our previously acquired datasets (Fig. 3b) from intact 
(INT) and injured animals (from now on referred to SW CTRL or if distinct timepoints 
are addressed 3/5dpi_CTRL). The datasets were batch corrected using the scVI 
tool51,52. In total, we retrieved 53813 cells (Fig. 5a, Ext. Fig. 9a) (Intact: 16649 cells, 
3dpi_CTRL: 3643 cells, 3dpi_INH: 4613 cells, 5dpi_CTRL: 13766 cells, 5dpi_INH: 
15142), with overall 19290 detected genes. By using unsupervised clustering, these 
cells distributed among 36 clusters (Fig. 5b). Of note, with the integration of additional 
conditions (SW INH 3 and 5dpi), which subsequently enlarged the total cell number, 
we did not observe new clusters emerging. Furthermore, even with the integration of 
SW INH datasets the overall cluster identity is unaffected, as depicted by high 
similarity scores between each of the clusters (Ext. Fig. 9b). As microglia, astrocytes 
and OPCs displayed common innate immune-related genes after stab-wound injury 
(Fig. 4), we set out to investigate the possible influence of Cxcr3 and Tlr1/2 pathway 
inhibition on microglia, astrocytes and OPCs by further subclustering. In each 
investigated cell population, we again identified distinct clusters containing primarily 
cells from injured samples (Fig. 5c-e, Ext. Fig. 9c-e). Of note, these clusters are 
composed of cells originating from both, SW CTRL and SW INH samples, suggesting 
that the inhibition of Cxcr3 and Tlr1/2 pathways following stab-wound injury does not 
induce new transcriptional states. However, the inhibitor treatment resulted in a partial 
downregulation of the previously identified common inflammatory genes (see Fig. 4f) 
shared between the reactive clusters ‘AG7’, ‘MG3’ and ‘OPCs2’ (Fig. 5f, Ext. Table. 
7).  

To address transcriptional changes induced by the inhibitor treatment, we 
performed differential gene expression analysis of each subcluster between SW CTRL 
and SW INH condition at each timepoint (pval < 0.05, log2 fold change > 0.7 or log2 
fold change < -0.7). Interestingly, most of the inhibitor-induced changes at 3 and 5dpi 
were subcluster-specific, as only few DEGs overlapped (Ext. Fig. 10a-d). To reveal 
the biological processes regulated in each glial subcluster (Fig. 5c-e), we utilized the 
function compareCluster57 (clusterProfile R package) and calculated the enriched GO 
over-representation score for the genes of each cluster. This function summarized the 
results into a single object and allowed us to compare the enriched biological 
processes of all glial subclusters at once. Indeed, by comparing the processes of all 
significantly downregulated genes after treatment at 3dpi, we found many processes 
linked to innate immune response, which were shared among several glial 
populations, including the reactive astrocytes (clusters: ‘AG5’, ‘AG6’, ‘AG7’ & ‘AG9’), 
microglia (clusters: ‘MG3’ & ‘MG6’) and OPCs (cluster: ‘OPCs2’) (Fig. 5g). 
Interestingly, although immune response-related processes were still downregulated 
at 5 dpi, these processes were not anymore shared between the different glial 
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populations (Fig. 5h). Conversely, biological processes induced by the inhibitor 
treatment are cluster-specific, independent of the analysis timepoint (Ext. Fig. 10e, f). 
Taken together, our scRNAseq analysis implies that Cxcr3 and Tlr1/2 signaling 
pathways regulate similar processes to initially activate (3dpi) different glial cells. This 
activation, however, is followed by cell type-specific transcriptional changes at later 
stages (5dpi). 

Cxcr3 and Tlr1/2 pathway inhibition does not interfere with oligodendrocyte 
reactivity and proliferation 

Interference with Cxcr3 and Tlr1/2 signaling pathways following brain injury, did 
not result in the emergence of new cell types nor states, neither at 3 nor 5 dpi (Ext. 
Fig. 9a). Nevertheless, the inhibition of the above-mentioned pathways elicited an 
overall downregulation of various inflammatory-related genes in reactive glia clusters 
‘AG7’, ‘MG3’ and ‘OPCs2’, especially at 3dpi (Fig. 5f). Furthermore, inhibition of Cxcr3 
and Tlr1/2 pathways following injury in the zebrafish telencephalon interfered with 
oligodendrocyte proliferation, which resulted in a reduction of oligodendrocytes in the 
injury vicinity54. To investigate the relevance of Cxcr3 and Tlr1/2 signaling also in the 
mammalian context, we first set out to examine the cluster distribution of 
oligodendroglial lineage cells between all conditions (INTACT, SW CTRL and SW INH) 
and timepoints (3 and 5 dpi) (Ext. Fig. 11a). Surprisingly, we detected no differences 
in the cluster distribution of reactive OPC clusters ‘OPCs2’ and ‘OPCs3’ between SW 
CTRL and SW INH cells, neither at 3 nor 5dpi (Ext. Fig. 11b). To further substantiate 
our scRNAseq findings, we determined the number of Olig2+ oligodendrocytes in stab 
wound-injured mice at 3dpi (Ext. Fig. 11c). In line with our bioinformatical analysis, we 
detected no differences in the number of Olig2+ cells in the injury surrounding between 
both experimental groups (Ext. Fig. 11d, e, f). Furthermore, we determined the 
proliferation capacity of Olig2+ cells between both experimental groups by labeling all 
cells in S-phase using the DNA base analogue EdU (0.05 mg/g 5-Ethinyl-2′-
deoxyuridine i.p. injection 1hr before sacrifice) and did not observe any changes in the 
number of proliferating (Olig2+ and EdU+) oligodendrocytes (Ext. Fig. 11d, e, g). 

In summary, the inhibition of Cxcr3 and Tlr1/2 signaling pathways following stab 
wound injury in the mouse cerebral cortex is not interfering with oligodendrocyte 
proliferation and is not affecting the overall number of oligodendrocyte lineage cells in 
the injury surrounding at early days post injury. 

Cxcr3 and Tlr1/2 pathways regulate microglial activation in response to injury 

The expression of inflammatory genes in microglia is tightly linked with the 
activation state of this cell type7,58. Therefore, we assessed if the downregulation of 
inflammatory genes induced by the Cxcr3 and Tlr1/2 pathway inhibition (Fig. 5f), might 
alleviate microglial reactivity. Hence, we examined the cluster distribution of 
subclustered microglia among all three conditions (INTACT, SW CTRL and SW INH) 
and timepoints (3 and 5 dpi) (Fig. 6a, b). As previously depicted in Ext. Fig. 9d, cells 
deriving from the intact condition are confined to the homeostatic clusters, whereas 
cells of the injured samples are primarily distributed in the reactive clusters at 3 dpi 
with a transition towards the homeostatic clusters noticeable at 5 dpi (Fig. 6b). Direct 
comparison of SW CTRL and SW INH samples exhibited differences in cell distribution 
with a higher proportion of cells being localized in the homeostatic clusters after Cxcr3 
and Tlr1/2 signal inhibition (Fig. 6b). Although the discrepancy between both 
conditions was already detectable 3 dpi, the shift, was more pronounced 5 dpi (Fig. 
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6b). To further elucidate if the detected microglia cell distribution shift following Cxcr3 
and Tlr1/2 pathway inhibition is accompanied by changes in the overall cell 
appearance, we determined microglia cell morphology characteristics using the 
automated morphological analysis tool published by Heindl et al. 201859. For that 
reason, brain sections of SW CTRL and SW INH animals were labelled with an anti-
Iba1 antibody and areas in the vicinity of the injury site were analyzed (Fig. 6c). 
Microglia originating from SW INH animals displayed significantly smaller cell somata, 
reduced circular shape and at the same time increased branch length compared to 
microglia from SW CTRL animals (Fig. 6d-f, Ext. Fig. 12a). The inhibition of Cxcr3 and 
Tlr1/2 signaling pathways resulted in reduced branch volume without altering the total 
number of major branches (Ext. Fig.12a). In addition, although not significantly altered, 
microglia from SW INH animals appeared to be more ramified than SW CTRL 
microglia as increased numbers of nodes per major branches were detected. (Ext. Fig 
12a).  

In summary, our scRNA seq data implies that Cxcr3 and Tlr1/2 pathway 
inhibition accelerates the transition from a reactive to a homeostatic microglial cell 
state in the early days after injury. These findings are further supported by pronounced 
morphological changes of inhibitor-treated microglia, which are reminiscent of less 
reactive, activated cells. 

Altered astrocyte response upon Cxcr3 and Tlr1/2 pathway inhibition 

To address the impact of Cxcr3 and Tlr1/2 pathway inhibition on astrocytes after 
brain injury, we subclustered astrocytes (Fig. 7a) and investigated the cell distribution 
among all conditions and timepoints (Fig. 7b). Astrocytes originating from intact 
conditions were evenly distributed between all homeostatic clusters. However, cells 
from stab-wounded animals were initially localized in both, homeostatic and reactive 
clusters, at 3 dpi, whereas at 5 dpi most cells were distributed between all reactive 
clusters. By comparing astrocyte cell distribution of SW CTRL and SW INH samples, 
we detected noticeable differences at 5 dpi. Most cells originating from the SW CTRL 
condition were distributed among the reactive clusters ‘AG5’, ‘AG6’ and ‘AG7’, 
whereas cells originating from the SW INH condition were largely confined to the 
reactive cluster ‘AG5’ (Fig. 7b). Interestingly, cluster ‘AG5’ exhibited lower expression 
of reactivity markers, such as Gfap and Lcn2, in comparison to the reactive clusters 
‘AG6’ and ‘AG7’ (Ext. Fig. 12b). In line with the shifted distribution of SW INH cells to 
cluster ‘AG5’, inhibitor-treated astrocytes displayed also lower expression levels of 
Gfap and Lcn2 at 5 dpi (Ext. Fig.12c). Additionally, to determine if astrocyte reactivity 
is overall altered, we generated ‘astrocyte reactivity scores’ (based on Hasel et al. 
202146) and compared the reactivity gene set scores among intact, stab wound-injured 
control and inhibitor-treated samples (Ext. Fig. 12d). Generally, both reactivity scores 
(‘Cl4’ and ‘Cl5’ in Ext. Fig 12d) were reduced in stab wound-injured inhibitor-treated 
samples at both timepoints (3 and 5dpi). However, although, both reactivity scores 
were decreased, the fraction of astrocytes expressing these distinct gene sets were 
not changed. Therefore, our analysis implies that the inhibitor-treatment overall 
reduces astrocyte reactivity, but this is not sufficient to revert these reactive astrocytes 
back to full homeostasis. In line with the scRNAseq analysis, also by our 
immunohistochemical measurements (Ext. Fig. 12e-i) we did not observe differences 
in the overall astrocyte reactivity state between stab-wounded control and inhibitor-
treated mice at 5 dpi. We detected similar GFAP+ cell accumulation (Ext. Fig. 12f, g, 
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h), as well as comparable numbers of NGAL+ and GFAP+ positive astrocytes in the 
injury surrounding, between both experimental groups (Ext. Fig. 12f, g, i). 

Furthermore, besides the reduced expression of reactive astrocyte markers in 
cluster ‘AG5’, this cluster was also devoted off proliferating cells as almost all cycling 
cells were confined to clusters ‘AG6’ and ‘AG7’, as depicted by the scRNAseq 
proliferation score (Ext. Fig. 12j, Ext. Table 5). Interestingly, based on the scRNAseq 
analysis, interference with Cxcr3 and Tlr1/2 signaling following stab wound injury 
reduced the fraction of proliferating astrocytes at both 3 and 5dpi, in line with the 
abundance of SW INH cells to cluster ‘AG5’ (Fig. 7b, Ext. Fig. 12k). 

In order to investigate potential alterations in the proliferation capacity following 
inhibitor treatment, we assessed astrocyte proliferation using immunohistochemistry 
in combination with the DNA-base analogue EdU (0.05 mg/g 5-Ethinyl-2′-deoxyuridine 
i.p. injection 1hr before sacrifice) at 3 dpi (Fig. 7c). Indeed, inhibition of Cxcr3 and 
Tlr1/2 pathways following injury significantly decreased the number of proliferating 
(GFAP+ and EdU+) astrocytes in the injury vicinity (Fig. 7d, e, f), whereby the total 
number of EdU+ cells was not altered (Fig. 7d, e, g). In summary, our scRNAseq 
analysis implied reduced astrocyte reactivity alongside reduced proliferation rates 
following inhibitor treatment. However, although reduced astrocyte proliferation 
following Cxcr3 and Tlr1/2 pathway inhibition was evident in vivo, the signal 
interference did not completely revert astrocytes back to full homeostasis. 

Discussion 
TBI has complex pathophysiology, which involves the response of various types 

of cells3,4. However, most studies have focused on the response of specific cell types, 
with few intended to evaluate the interplay between these cells 60–62 largely focusing 
on the single candidates mediating these interactions. In this manner, we developed 
a toolbox profiling the transcriptional changes across various cell types with providing 
spatial and temporal context. Our study used the stab-wound-injury model in mice23,63, 
a mild injury model involving the breakdown of BBB and the activation of both glial and 
immune cells23. The reproducibility of our model and the reactivity observed makes it 
perfect for studying the basic features of TBI pathophysiology. 

Spatial transcriptomic analysis of the stab-wounded cortex 3dpi revealed a well-
defined injury cluster, “cluster VI,” around the injury core affecting only the surrounding 
area without detectable changes in the cortical regions distant from the injury. We 
observed the regulation of processes linked to angiogenesis, phagocytosis, and 
immune system-related processes. These are defense mechanisms featuring the 
early events following brain damage and wound healing, which involves clearing of 
dead cells and debris as well as re-establishing of the vasculature to ensure oxygen 
supply 64. Many observed local changes, represented by the Cluster’s VI-enriched 
genes, are largely related to reactive astrocytes and microglia39–41,65,66, indicating an 
overrepresentation of these populations in the injury milieu. Interestingly, we do not 
identify reactive OPC hallmarks despite clear evidence of reactive OPCs at the injury 
site 67,68. This could be partly explained by the missing signature of the reactive OPCs, 
as so far only an increase in proliferation and expression of proliferation-associated 
genes have been used as a hallmark of reactive OPCs69. Our study now also provides 
the gene expression profile of the reactive OPCs that allows their mapping to the injury 
site of the spatial transcriptomic analysis, based on probabilistic mapping. 

Additionally, by fitting the gene expression patterns in various mathematic 
models, we could categorize them based on their expression motive and identify 
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several genes with expression peaks at the injury core. Considering the limitations of 
the spatial transcriptomics analysis using the Visium platform, where the detected 
expression in each spot comes from multiple cells, we validated the expression 
patterns for some selected genes of interest (Serpina3n, Lcn2, and Cd68) with 
RNAscope and immunohistochemistry. Notably, the expression patterns detected with 
both methods were in line with the Visium analysis. This observation supports the use 
of Visium to detect global changes with spatial information.  

Indeed, the combination of spatial transcriptomics with scRNA-seq analysis can 
become a great tool to reveal transcriptomic changes of specific cell types relative to 
their predicted location. This is of great interest for any focal pathology, as it has been 
described that the reaction of astrocytes16 OPCs10,70 and microglia70,71 depends on 
their distance to the pathology site. The anatomical similarity of the two data sets and 
the good representation of cell types in the scRNA-seq dataset are crucial for 
successfully integrating the two data sets. Thus, detecting the major, expected cell 
types in our scRNA-seq data was of great importance. We identified several neuronal 
and glial clusters, including astrocytes, microglia, and oligodendrocyte lineage cells, 
besides vascular cells, pericytes, and multiple types of immune cells. Particularly, 
some of the clusters we detected mainly in the injured datasets, highlighting the 
detection of specific cell types depending on the anatomical region and condition.  

Integrating the scRNA-seq and the Visium data sets predicted the contribution 
of specific cell types to the injury environment. We detected multiple populations 
responding to the injury by enriched or decreased representation while others did not 
respond. Microglial clusters showed a more uniform response to injury as we could 
detect all microglia clusters accumulating at the injury, with cluster “11_Microglia” 
being the one with the highest correlation. On the other hand, astrocytes showed a 
heterogenous response with clusters “12_Astrocytes” and “23_Astrocytes” responding 
to injury and accumulating around the injury area. In contrast, the remaining astrocytic 
clusters were underrepresented in the injury area compared to the rest of the cortex. 
Focusing on the injury-enriched astrocytic clusters “12_Astrocytes” and 
“23_Astrocytes,” we could see heterogeneity both at the location of the cells as well 
as the genes signature, with cluster “12_Astrocytes” being the one expressing high 
levels of Gfap. Cluster “23_Astrocytes,” on the contrary, could represent the recently 
described “atypical astrocytes,” which, after focal brain injury, rapidly downregulated 
GFAP together with other astrocytic proteins 72. OPCs also responded to the injury, 
with cluster “15_OPCs” being the only one showing enrichment at the injury core. 
Finally, we could detect the response of peripheral infiltrating macrophages and 
monocytes, with clusters “13_Macrophages/Monocytes” and “18_Monocytes” 
contributing to the injury milieu. With the integration of the two datasets, we could 
identify the populations overrepresented in the injury core and require further 
investigation. 

The addition of the dataset generated at 5dpi allowed us to analyze the 
temporal changes in reaction to injury. Microglia showed increased reactivity at 3dpi, 
whereas 5dpi cells shifted toward more homeostatic clusters. OPCs led a quick 
transition to reactivity at 3dpi, with very few cells residing in the reactive cluster at 5dpi. 
On the contrary, astrocytes reactivity peaked at 5dpi as most cells belonged in the 
reactive clusters, whereas, at 3dpi, we could still detect many cells in the homeostatic 
clusters. Importantly, no distinct time-point-dependent clusters appeared or 
disappeared for any analyzed glial cells. Hence, our data implies a continuous 
activation of glial cells accompanied by a partial return to homeostasis. Therefore, this 
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resource offers an excellent opportunity to investigate these processes more 
thoroughly.  

To start with such analysis and as a proof of principle, we look at the genes 
characterizing each sub-cluster in a holistic approach. In this way, we could identify 
sub-clusters of microglia, astrocytes, and OPCs with shared enriched features, 
including proliferation and innate immune processes. Indeed, the proliferation is a 
hallmark of injury-induced reactivity, including microglia73, astrocytes74,75, and 
OPCs67,76 validating our approach. Surprisingly, we found several IFN-I pathway 
genes regulated in the reactive clusters MG4, AG5, and OPCs2. Among these genes, 
the Interferon regulatory factor 7 (Irf7), a transcription factor crucial for the IFN-I 
activity77, and Cxcl10, a well-characterized ligand of the Cxcr3 pathway53, caught our 
attention. Previous studies have demonstrated that Irf7 can induce type I IFNs through 
the activation of Tlr2, resulting in the transcription of several mediators, including 
Cxcl10 78,79. Furthermore, the Tlr2/Irf7 signaling axis has been associated with 
microglia-mediated inflammation after subarachnoid hemorrhage in mice80. Notably, 
we recently demonstrated that Cxcr3 and Tlr1/2 regulate OPCs accumulation at the 
injury site in the zebrafish brain in a redundant and synergistic manner54. Our data 
now support the entirely novel concept that the same innate immunity pathways trigger 
the initial response in injury-enriched reactive glial clusters. 

As both pathways were regulated in several reactive populations, we decided 
to systemically inhibit the two pathways after brain injury by treating the animals with 
a specific antagonist for the Cxcr355 (NBI-74330) and a Tlr1/2 pathway inhibitor (CU 
CPT 22)56. We then performed scRNA-seq analysis at both 3 and 5dpi, and by 
integrating the data sets with our control analysis, we could address the cell type-
specific changes. Interestingly, we observed that multiple innate immunity genes, 
including Irf7, were downregulated after inhibition of the Cxcr3 and Tlr1/2 pathways, 
with clusters AG7, MG3 and OPCs2 affected the most. Additionally, by performing 
differential gene expression analysis within each subcluster between SW CTRL and 
SW INH condition at each time-point, we addressed the changes induced in each 
cluster specifically. Notably, we observed an overall downregulation of innate immune 
processes shared between astrocytes, microglia, and OPCs at 3dpi, whereas at 5dpi 
became more specific for each population. These data suggest the shared initial 
regulation by different pathways that then diversify in specific populations to drive a 
specific reaction of each cell type. In conclusion, we demonstrated that inhibiting Cxcr3 
and Tlr1/2 pathways modulate innate immunity on a temporal basis in glial cells. 
However, further research is necessary to determine the role of each pathway for each 
population. 

Next, we examined how the systemic inhibition of the two pathways affects the 
reactivity of glial cells. Thus, we addressed the accumulation of oligodendrocytes 
(Olig2+ cells) in combination with their proliferation. Surprisingly, we did not observe 
any difference between SW CTRL and SW INH conditions at 3dpi. This observation 
was in contrast to our study in zebrafish, where inhibiting the two pathways alleviated 
reactive gliosis by decreasing the accumulation of oligodendrocytes and their 
proliferation54. That could be due to differences in the injury environment with 
additional pathways involved in the accumulation and proliferation of OPCs to the 
injury core in mice. Thus, the altered regulation of OPCs reactivity in mice and 
zebrafish could be one of possible difference between regeneration competent and 
regeneration incompetent species. 

On the other hand, while addressing microglia reactivity via morphological 
analysis59, we observed that inhibitor-treated microglia were in a less 
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reactive/activated state. Specifically, microglia originating from SW INH animals 
displayed significantly smaller cell somata, reduced circular shape, increased branch 
length, and appeared to be more ramified than in the SW CTRL. In combination with 
the cell distribution in the scRNA-seq clusters, this observation suggests that blocking 
Tlr1/2 and Cxcr3 pathways accelerates the transition from a reactive to a homeostatic 
state of microglial cells.  

Similarly, astrocytes also demonstrated altered reactivity when Tlr1/2 and 
Cxcr3 pathways were inhibited, as evidenced by the reduction in the expression of 
markers associated with astrocyte reactivity. Additionally, we observed a reduction in 
the number of proliferating astrocytes in the injury vicinity at 3dpi. However, at 5dpi, 
we did not observe differences in the overall astrocyte reactivity state between SW 
CTRL and SW INH, as addressed with our transcriptomic analysis and the follow-up 
immunohistochemical measurements. These findings indicate the modular control of 
the astrocytic and possible glial reactivity in general with Tlr1/2 and Cxcr3 pathways 
controlling only some aspects (astrocyte proliferation for example). This is, indeed, 
well in line with specific pathology conditions inducing different glial response 74,81–83, 
further emphasizing the versatility of our data sets and analysis. 

In conclusion, these data represent a comprehensive tool for analyzing early 
events following traumatic brain injury with respect to changes in time, space, and cell 
type. Additionally, it enables the examination of the interplay between cells in response 
to injury. A better understanding of the injury pathophysiology may open more 
opportunities for developing new therapeutic strategies. 
 

Materials and Methods 
Animals 

All operations were performed on 8-12 weeks old C57BL/6 male mice, housed 
and handled under the German and European guidelines for the use of animals for 
research purposes. Experiments were approved by the institutional animal care 
committee and the government of Upper Bavaria (ROB-55.2-2532.Vet_02-20-158). 
Anaesthetized animals received a stab wound lesion in the cerebral cortex as 
previously described63, by inserting a thin knife into the cortical parenchyma using the 
following coordinates from Bregma: RC: -1.2; ML: 1-1.2 and from Dura: DV: -0.6 mm. 
To produce stab lesions, the knife was moved over 1mm back and forth along the 
anteroposterior axis from -1.2 to -2.2 mm. Animals were sacrificed 3 and 5 days after 
the injury (dpi). 

For the treatment experiments, animals received inhibitors by gavage feeding. 
NBI 74330 (100 mg/kg, R&D Systems #4528) and CU CPT 22 (3 mg/kg, R&D Systems 
#4884) were dissolved in DMSO and diluted in corn oil. The vehicle solution consisted 
of DMSO diluted in corn oil and was administered to all control animals. To analyze 
the proliferative capacity of glial cells we injected 5-Ethinyl-2′-deoxyuridine (EdU, 0.05 
mg/g, Thermofisher #E10187) intraperitoneally and animals were sacrificed 1hr after 
injection. 

For the induction of Cre-mediated recombination in NG2CreERT2 x CAG-eGFP 
mice, tamoxifen (40 mg/ml, Sigma #T5648) was administered orally. Animals received 
tamoxifen every second day (400 mg/kg) for a total of 3 times. Mice were injured two 
weeks after the last tamoxifen administration and sacrificed at 3dpi. 
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Tissue preparation 

Mice were deeply anaesthetized and transcardially perfused with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde (PFA) (wt/vol) dissolved in 
PBS. Brains were postfixed in 4% PFA overnight at 4°C, washed with PBS and 
cryoprotected in 30% sucrose at 4oC. Mouse brains used to assess microglia 
morphology were embedded in 3% agarose and cut coronally at 100 μm thickness 
using a vibratome (HM 650V, Microm). Otherwise, brains were embedded in frozen 
section medium Neg-50 (Epredia #6502), frozen and subsequently sectioned using a 
cryostat (Thermo Scientific CryoStar NX50). Coronal sections were collected either at 
a thickness of 20μm on slides for RNAscope or 40μm for free-floating 
immunohistochemistry. 
 

Immunohistochemistry 

For immunohistochemistry, sections were blocked and permeabilized with 10% 
normal goat serum (NGS, vol/vol, Biozol, S-1000)/donkey serum (NDS, vol/vol, Sigma 
Aldrich 566460) and 0.5% Triton X-100 (vol/vol), dissolved in 1xPBS while being 
incubated overnight at 4°C with the corresponding primary antibodies. Following 
primary antibodies were used: anti-CD68 (rat 1:600, BioRad, MCA1957T), anti-
Galactin1 (rabbit 1:200, Abcam, ab138513), anti-GFP (chick 1:400, Aves Labs, GFP-
1020), anti-GFAP (goat 1:300, Abcam, ab53554), anti-GFAP (mouse 1:500, Sigma, 
G3893), anti-Iba1 (rabbit 1:500, Wako, 019-19741), anti-NGAL (rabbit 1:500, 
Thermofisher, PA5-79590), anti-SerpinA3n (goat 1:500, R&D Systems AF4709-SP). 
Sections were washed with PBS and incubated with secondary antibodies dissolved 
in 1xPBS solution containing 0.5% Triton X for two hours at room temperature. 
Following secondary antibodies were used: donkey anti-chick IgY A488 (1:1000, 
Dianova 703-545-155), goat anti-mouse IgG1 A546 (1:1000, Thermofisher A-21123), 
goat anti-rabbit IgG A546 (1:1000, Thermofisher A-11010), goat anti-rabbit IgG A633 
(1:1000, Thermofisher A-21070), goat anti-rat IgG A488 (1:1000, Thermofisher A-
11006). For nuclear labeling, sections were incubated with DAPI (final concentration 
of 4 µg/mL, Sigma, D9542) for 10 min at room temperature. EdU incorporation was 
detected by Click-iT™ EdU Alexa Fluor™ 647 Imaging Kit (Thermo Fisher Scientific 
#C10340) according to the manufacturer's instructions. Staining procedure for 
microglia morphology analysis was performed as described in Heindl et al. 2018. 
Stained sections were mounted on glass slides with Aqua-Poly/Mount (Polysciences 
#18606). 
 

In situ hybridization 

RNA in situ hybridization was performed using RNAscope® Multiplex 
Fluorescent Reagent Kit (ACD) according to the manufacturer’s instructions. Briefly, 
brain sections were fixed in 4% paraformaldehyde at 4 °C for 15 min, ethanol-
dehydrated, deparaffinize with H2O2 and protease-permeabilized for 20min at 40 °C. 
Brain sections were then incubated for 2 h at 40 °C using the following probes: 
S100a6: 412981, Tspo: 422741, Ifi27l2a: 88617, Serpina3n: 430191-C2, Lcn2: 
313971-C3, Lyz2: 491621-C3, Cd68: 316611-C2, Igfbp7: 425741-C2, Cxcr3: 402511-
C2, Tlr2: 317521, Oasl2: 534501, Cxcl10: 408921-C3. Signal was amplified according 
to the manufacturer’s instructions (Cat.Nr: 320293). Subsequently, sections were 
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processed with immunohistochemistry analysis as described above. The primary 
antibodies used in combination with RNAscope® were as follows: chick antibody to 
GFP (1:500, Aves Lab, GFP-1020), goat antibody to GFAP (1:300, Abcam, ab53554), 
rabbit antibody to Iba1 (1:500, Wako, 019-19741)  
 

Image acquisition, processing and quantitative analysis 

Confocal microscopy was performed at the core facility bioimaging of the 
Biomedical Center (BMC) with an inverted Leica SP8 microscope using the LASX 
software (Leica). Overview images were acquired with a 10x/0.30 objective, higher 
magnification pictures with a 20x/0.75, 40x/1.30 or 63/1.40 objective, respectively. 
Images utilized for the microglia morphology analysis were acquired with an 40x/1.30 
objective with an image matrix of 1024x1024 pixel, a pixel scaling of 0.2 μm x 0.2 μm 
and a depth of 8-bit. Image processing was performed using the NIH ImageJ software 
(version 2.1.0/1.53f). To acquire overview images, single images were stitched using 
the ImageJ plug-in tool ‘pairwise stitching’ (Preibisch et al. 2009).  

For all quantifications a minimum of three sections per animal were analyzed. 
In each section, an area of 300 μm (150μm on each side of the injury) was selected 
and either the pixel covered area or the number of positive cells in all individual z-
planes of an optical z-stack was quantified. Additionally, to account for variations in 
section thickness, total cell numbers were normalized to the section depth. Statistical 
analysis was performed using GraphPad Prism (version 9.3.1). 
 

Spatial transcriptomics analysis 

Mouse brains from 3dpi or intact C57Bl/6J mice were embedded and snap 
frozen in an isopentane and liquid nitrogen bath as recommended by 10x Genomics 
(Protocol: CG000240). During cryosectioning (Thermo Scientific CryoStar NX50) the 
brains were resected to generate a smaller sample (Fig. 1a) and two 10µm thick 
coronal sections of the dorsal brain area were collected in one capture area. The tissue 
was stained using H&E staining and imaged with the Carl Zeiss Axio Imager.M2m 
Microscope using 10x objective (Protocol: CG0001600). The libraries were prepared 
with Visium Spatial Gene Expression Reagent Kits (CG000239) with 18min 
permeabilization time and sequenced on Illumina NextSeq 2000 system according to 
manufacturer protocol. Sequencing was performed in the Laboratory for Functional 
Genome Analysis (LAFUGA). 

Data were mapped against the mouse reference genome mm10 (GENCODE 
vM23/Ensembl 98; builds versions 1.2.0 and 2020A from 10xGenomics) with Space 
Ranger 1.2.2. Both data sets were analyzed, and quality checked following the SCANPY 
35 and Squidpy36 pipeline, selecting spots with at least 1500 reads and a maximum 
45% mitochondrial fraction. Normalization and log transformation was performed 
using the counts per million (CPM) strategy with a target count depth of 10,000 using 
SCANPY’s35 normalize_total and log1p functions. Following cell count normalization 
and scaling (function scale in SCANPY), experimental groups were integrated. Highly 
variable gene (HVGs) selection was performed via the function highly_variable_genes 
using the Cell Ranger flavor with default parametrization, obtaining 2000 HVGs. 
Unsupervised clustering of cells was done using the Leiden algorithm84 as 
implemented in SCANPY. This allowed classification of multiple clusters based on 
marker genes selected using test_overestim_var between the normalized counts of 
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each marker gene in a cluster against all others (function rank_genes_groups in 
SCANPY). The layer marker score was performed using the function score_genes (as 
implemented in SCANPY) based on established marker genes (Ext. Table 3) described 
by Zeisel, A. et al 201837. Gene ontology enrichment analysis was performed using 
the function enrichGO (R package: clusterProfiler57) on the marker genes for cluster 
VI (indicated above) selecting the genes with pval<0.05 and log2fc>1 and the top 10 
functions of the three aspects (MF: Molecular Function; CC: Cellular Component; BP: 
Biological Process) were presented on a dot plot. 

 

Single-cell analysis 

The lesioned grey matter of the somatosensory cortex of C57BL/6J mice at 3dpi 
and 5dpi or the corresponding region of the noninjured cortex were isolated using a 
biopsy punch (∅ 0.25cm) and the cortical cells were dissociated at a single cell level 
using the Papain Dissociation System (Worthington, # LK003153) followed by the 
Dead Cell Removal kit (Miltenyi Biotec # 130-090-101), according to manufacturer’s 
instructions. Incubation with dissociating enzyme was performed for 60 min. 

Single-cell suspensions were resuspended in 1xPBS with 0.04% BSA and 
processed using the Single-Cell 3’ Reagent Kits v2 or v3.1 from 10xGenomics 
according to the manufacturer instructions. In brief, this included generation of single 
cell gel beads in emulsion (GEMs), post-GEM-RT cleanup, cDNA amplification and 
library construction. Illumina sequencing libraries were sequenced on a HiSeq 4000 
or NovaSeq6000 system (with an average read depth of 30,000 raw reads per cell) 
according to the manufacturer’s instructions for each version. Sequencing was 
performed in the genome analysis centre of the Helmholtz Center Munich 

Transcriptome alignment of single-cell data was done using Cell Ranger v3.0.2 
and v6.0.0 against the mouse reference genome mm10 (GENCODE vM23/Ensembl 
98; builds versions 1.2.0 and 2020A from 10xGenomics). Quality Control (QC) of 
mapped cells was done using recommendations by Luecken and Theis85 selecting 
cells with at least 1000 genes, maximum of 50000 reads and 25% mitochondrial 
fraction. Doublets were removed using the Scrublet framework86. Normalization was 
performed using the scran35 package (R package) followed by log-transformation 
using SCANPY’s log1p functions87. Highly variable gene (HVGs) selection was 
performed via the function highly_variable_genes using the Cell Ranger flavor with 
default parametrization, obtaining 2000 HVGs. Following cell count normalization and 
scaling, (function scale in SCANPY) experimental groups were integrated with scVI51,52. 
Unsupervised clustering of cells was done using the Leiden algorithm84 as 
implemented in SCANPY. This allowed classification of multiple main clusters based on 
marker genes selected using test_overestim_var between the normalized counts of 
each marker gene in a cluster against all others (function rank_genes_groups in 
SCANPY). The top 50 marker genes were used for the cluster annotation using the 
online available databases for the mouse brain (http://mousebrain.org) and the 
immune cells (http://rstats.immgen.org/MyGeneSet_New/index.html). Additionally, we 
generated gene expression scores using the function score_genes (as implemented 
in SCANPY) based on established marker genes (Table 2) of the main cell populations 
in the adult mouse brain to further confirm the cluster annotation. Visualization of cell 
groups is done using Uniform Manifold Approximation and Projection (UMAP)88, as 
implemented in SCANPY. Differential gene expression analysis between treated and 
control conditions was performed using the tool diffxpy 
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(https://diffxpy.readthedocs.io/en/latest/index.html) using the Wald test. Of note, since 
some glial subclusters are comprised of only few cells, the differential gene analysis 
did not reveal differential expressed genes in these subclusters. 

All the comparisons of the overlapping genes were performed using the R 
package UpSetR89 which provides an efficient way to visualize the intersecting gene 
set in UpSet plot. For cluster comparison Additionally, the gene ontology (GO) analysis 
was performed using the R package clusterProfile57, using the functions 
compareCluster (fun:enrichGO) or enrichGO. The visualisation of the functional 
enrichment results was done using the following visualization methods from the R 
package enrichplot57: dot plot; enrichment map (function: emaplot) (based on the 
pairwise similarities of the enriched terms calculated by the pairwise_termsim 
function); and the Gene-Concept Network plot (function: cnetplot). 

 

Spatial alignment of the scRNA-seq data 

For the spatial localization of the scRNA-seq data, we used the Python package 
Tangram49, focusing on the 3dpi control condition and using only the cortical cluster of 
the Visium data set in order to have the same anatomical region. We selected the 
training genes using the tool AutoGeneS50 and used 439 training genes as the union 
of the top informative marker genes of each cluster in the scRNA-seq data that were 
detected in the Visium profiles. To find the spatial alignment for the scRNA-seq we 
used the Tangram49 function map_cells_to_space which gave us the probabilistic 
mapping score. Additionally, we segmented the H&E image, using the Squidpy36 
function segment which was used for deconvolving the Visium data using the 
Tangram49 functions count_cell_annotations and deconvolve_cell_annotations. 
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Figure Legends 
 

Figure 1. Spatially resolved transcriptomic changes induced by stab 
wound injury. 

 
(a) Experimental scheme to conduct spatial transcriptomics in intact and stab wound-
injured mouse cerebral cortices (3dpi). Brains were manually resected and selected 
areas highlighted in blue or red dashed boxes were positioned on Visium capture 
areas. (b) Brain sections of both conditions contain cortical-, hippocampal- and white 
matter regions. Dashed red line indicates injury core. (c) Clustering of gene expression 
data on spatial coordinates based on highly variable genes and subsequent 
dimensionality reduction. (d) Dot plot illustrating the expression of the 20 most 
enriched genes in the injury-induced cluster VI. (e) Image displaying the spatial 
trajectory along cluster VI in mediolateral direction. (f) Heatmap exhibits distinct 
expression patterns of genes (y-axis) along the spatial trajectory (x-axis). Dashed 
white line indicates injury core. (g,h) Gene expression of ‘peaking genes’ Serpina3n, 
Lcn2 and Cd68 in spatial context (g) and along the spatial trajectory (h). Dashed black 
line indicates injury core. (i,j) Images depicting expression of Serpina3n, Lcn2 and 
Cd68 on RNA (i) and protein level (j) in stab wound-injured cerebral cortices (3dpi). 
All images are full z-projections of confocal z-stacks. (k) Dot plots depicting GO-terms 
of over-represented cluster VI significant-enriched genes (pval < 0.05, log2 fold change 
> 1). Scale bars: i,j: 150 μm. Abbreviations: CTX = cerebral cortex, WM = white matter, 
HPF = hippocampal formation, LV = lateral ventricle, CP = choroid plexus, V3 = third 
ventricle, TH = thalamus, fi = fimbria, dpi = days post injury, BP = biological processes, 
MF = molecular functions, CC = cellular components, GO = gene ontology. 

 
Figure 2. Combination of spatial and single cell transcriptomics identifies 
cellular populations contributing to distinct transcriptional responses at 
the injury site. 

 
(a) Experimental scheme to conduct single-cell RNA-sequencing of intact and stab 
wound-injured cerebral cortices (3dpi) using the 10x Genomics platform. (b) UMAP 
plot illustrates 6322 single cells distributed among 30 distinct clusters. Clusters are 
color-coded and annotated based on their transcriptional identities. (c) UMAP plot 
depicting distribution of cells isolated from intact (green) and injured (red) cerebral 
cortices. (d) Dot plot emphasizing strong correlation of post-hoc cluster annotation 
with established cell type-specific gene sets (see Ext. Table 3). (e,f) scRNAseq cluster 
localization on Visium based on probabilistic mapping (e) and single cell deconvolution 
(f) in spatial context. Abbreviations: UMAP = uniform manifold approximation and 
projection, dpi = days post injury, OPCs = oligodendrocyte progenitor cells, COPs = 
committed oligodendrocyte progenitors, MOL = mature oligodendrocytes, VECV = 
vascular endothelial cells (venous), VSMCs = vascular smooth muscle cells, VLMCs 
= vascular and leptomeningeal cells, DAM = disease-associated microglia, BAM = 
border-associated macrophages, NKT cells = natural killer T cells, DC/DCs = dendritic 
cells. 
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Figure 3. Stab wound injury induces defined transcriptional changes in 
glial subpopulations. 
 
(a) Experimental scheme to conduct single-cell RNA-sequencing of intact and stab 
wound-injured cerebral cortices (3 and 5dpi) using the 10x Genomics platform. (b) 
UMAP embedding of integrated and batch-corrected single cell transcriptomes of 
35240 cells distributed among 35 distinct clusters. Clusters were color-coded and 
annotated based on their transcriptional identities. (c-e) UMAPs depicting 
subclustering of astrocytes (9 clusters) (c), microglia (8 clusters) (d) and 
oligodendrocytes (10 clusters) (e). Cells were further assigned to homeostatic (blue) 
or reactive (red) clusters based on cell origin (see Ext. Fig. 6), distribution (pink cells) 
and distinct marker expression. Abbreviations: UMAP = uniform manifold 
approximation and projection, dpi = days post injury, OPCs = oligodendrocyte 
progenitor cells, COPs = committed oligodendrocyte progenitors, MOL = mature 
oligodendrocytes, VECV = vascular endothelial cells (venous), VSMCs = vascular 
smooth muscle cells, VLMCs = vascular and leptomeningeal cells, BAM = border-
associated macrophages, NKT cells = natural killer T cells, DC/DCs = dendritic cells. 

 
Figure 4. Stab wound injury induces common transcriptional changes in 
reactive glial subpopulations. 
 
(a) UpSet plot depicting unique and overlapping DEGs (pval < 0.05, log2 fold change 
> 1.6 or log2 fold change < -1.6) induced in reactive glial subclusters ‘MG4’ ‘AG5’ and 
‘OPCs2’ compared to all other clusters of the respective cell type. 192 commonly 
shared genes between these clusters are highlighted by red bar. (b) GO-term network 
analysis of the 192 commonly shared genes associates shared DEGs to the biological 
processes proliferation (green dashed line) and innate immunity (orange dashed line). 
(c) Chord diagram illustrates innate immunity GO-terms of Fig. 4b and the 
corresponding genes. Abbreviations: DEGs = differentially expressed genes, GO = 
gene ontology, BP = biological processes. 

 
Figure 5. Cxcr3 and Tlr1/2 pathways orchestrate innate immune response 
shared between reactive glial cells. 
 
(a) Experimental scheme to conduct single-cell RNA-sequencing of intact, stab 
wound-injured control (3/5dpi_CTRL) and stab wound-injured inhibitor-treated 
(3/5dpi_INH) cerebral cortices using the 10x Genomics platform. (b) UMAP 
embedding of integrated and batch-corrected single cell transcriptomes of 53813 cells. 
Cells were distributed among 36 distinct clusters, color-coded and annotated based 
on their transcriptional identities. (c-e) UMAPs illustrating subclustering of astrocytes 
(9 clusters) (c), microglia (8 clusters) (d) and oligodendrocytes (13 clusters) (e). Cells 
were further assigned to homeostatic (blue) or reactive (red) clusters based on cell 
origin (see Ext. Fig. 9). (f) Dot plots depict reduced expression of various shared 
inflammatory genes (see Fig. 4c) in reactive glial clusters ‘AG7’, ‘MG3’ and ‘OPCs2’ 
following inhibitor-treatment. (g-h) GO-term networks illustrate common and unique 
downregulated biological processes of glial subclusters in response to Cxcr3 and 
Tlr1/2 pathway inhibition at 3dpi (g) and 5dpi (h) (see Ext. Table 8). Common 
downregulation of innate immunity-associated GO-terms (highlighted by red dashed 
lines) can be observed at 3 but not at 5dpi. Abbreviations: UMAP = uniform manifold 
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approximation and projection, dpi = days post injury, OPCs = oligodendrocyte 
progenitor cells, COPs = committed oligodendrocyte progenitors, MOL = mature 
oligodendrocytes, VECV = vascular endothelial cells (venous), VSMCs = vascular 
smooth muscle cells, VLMCs = vascular and leptomeningeal cells, BAM = border-
associated macrophages, NKT cells = natural killer T cells, DC/DCs = dendritic cells. 
 
Figure 6. Cxcr3 and Tlr1/2 pathway inhibition following stab wound injury 
reduces microglial reactivity. 
 
(a,b) UMAPs illustrating subclusters of microglia (a) and cell distributions (b) among 
those subclusters at all timepoints (intact, 3 and 5dpi) and conditions (CTRL and INH). 
(c) Experimental paradigm to assess microglia morphology characteristics according 
to Heindl et al. 2018. Grey box on mouse brain scheme highlights analyzed area. Red 
line indicates injury core. (d,e) Representative images of Iba1+ microglia (yellow) in 
CTRL (d) and INH-treated (e) mice. Dashed white boxes indicate selected microglia 
used for 3D reconstruction. All images are full z-projections of confocal z-stacks. (f) 
Scatter plot depicting morphological features of analyzed microglial cells. Each data 
point represents one microglial cell and in total 450 cells per condition were analyzed. 
Data are displayed as median ± interquartile range. p-values were determined using 
Mann-Whitney U-test. Scale bars: d,e: 20 μm. Abbreviations: UMAP = uniform 
manifold approximation and projection, dpi = days post injury, CTRL = stab wound-
injured control animals, INH = stab wound-injured inhibitor-treated animals. 

 
Figure 7. Proliferation of reactive astrocytes is decreased upon Cxcr3 and 
Tlr1/2 pathway inhibition. 
 
(a,b) UMAPs illustrating subclusters of astrocytes (a) and cell distributions (b) among 
those subclusters at all timepoints (intact, 3 and 5dpi) and conditions (CTRL and INH). 
(c) Experimental paradigm to address astrocyte proliferation. Dashed grey box on 
mouse brain scheme refers to analyzed area. Red line displays injury core. (d,e) 
Representative overview images of proliferating GFAP+ (green) and EdU+ (magenta) 
astrocytes in CTRL (d) and INH-treated (e) animals. White dashed lines highlight injury 
cores. Micrographs (d’-e’’) are magnifications of white boxed areas in (d) and (e), 
respectively. White arrowheads in micrographs depict colocalization of EdU (d’,e’) with 
GFAP+ astrocytes (d’’,e’’). All images are full z-projections of confocal z-stacks. (f,g) 
Dot plots depicting percentage of proliferating (GFAP+ and EdU+) astrocytes (f) and 
total density of proliferating (EdU+) cells (g) in CTRL and INH-treated animals. Data 
are shown as mean ± standard error of the mean. Each data point represents one 
animal. p-values were determined using unpaired t-test. Scale bars: d,e: 50 μm 
(overview), d’-e’’: 20 μm (micrographs). Abbreviations: UMAP = uniform manifold 
approximation and projection, dpi = days post injury, EdU = 5-Ethinyl-2′-deoxyuridine, 
i.p. = intraperitoneal injection, CTRL = stab wound-injured control animals, INH = stab 
wound-injured inhibitor-treated animals. 
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Ext. Figure 1. Spatial transcriptome of intact and grey matter stab wound-
injured mice. 
 
(a) Experimental scheme to conduct spatial transcriptomics of intact and stab wound-
injured mice (3dpi). Brains were manually resected (selected areas highlighted in blue 
and red dashed boxes) and positioned on Visium capture areas. (b) In each capture 
area, two brain sections of either intact or stab wound-injured cortices were collected. 
Dashed red lines indicate injury core. (c) Clustering of gene expression data on spatial 
coordinates based on highly variable genes and subsequent dimensionality reduction. 
Clusters are color-coded and annotated based on their transcriptional identities. (d) 
Dot plot depicting 5 most enriched genes in each of the 16 identified clusters. (e) 
Expression of neuronal layer scores 2/3, 4, 5 and 6 in intact and injured brain sections 
on spatial coordinates. Neuronal layer gene set scores are listed in Ext. Table 2 (f) 
Heatmap shows genes (y-axis) with highest expression in injury vicinity (‘peaking 
genes’) along the spatial trajectory (x-axis). Dashed white line indicates injury core. 
Abbreviations: dpi = days post injury. 
 
Ext. Figure 2. scRNA-seq clustering of intact and brain-injured mice (3dpi) 
and cell-type identification. 
 
(a) UMAP plots depicting clustering of cells originating from intact (2676 cells) and 
injured (3646 cells) condition among 30 defined clusters. Clusters are color-coded and 
annotated based on their transcriptional identities. Note that clusters 
‘13_Macrophages/Monocytes’, ‘17_DCs’ and ‘23_Astrocytes’ are absent in the intact 
condition. (b) Dot plot depicting the expression of the 3 most enriched genes in each 
of the 30 identified clusters (see Ext. Table 4). (c-e) UMAPs highlighting example 
marker genes to identify microglia/macrophages (c), astrocytes (d) and OPCs (e). 
G2M gene set score is listed in Ext. Table 5. Abbreviations: UMAP = uniform manifold 
approximation and projection, dpi = days post injury, OPCs = oligodendrocyte 
progenitor cells, COPs = committed oligodendrocyte progenitors, MOL = mature 
oligodendrocytes, VECV = vascular endothelial cells (venous), VSMCs = vascular 
smooth muscle cells, VLMCs = vascular and leptomeningeal cells, BAM = border-
associated macrophages, NKT cells = natural killer T cells, DCs = dendritic cells. 
 
Ext. Figure 3. Probabilistic mapping of in scRNA-seq identified cellular 
clusters on Visium data set. 
 
(a,b) Probabilistic mapping of in Fig. 2b identified scRNA-seq clusters on spatial 
transcriptome dataset (3 dpi). Stab wound injury elicits different mode of reaction in 
injury vicinity: Injury-induced enrichment and accompanied depletion of distinct 
clusters (a) or non-responding clusters (b). Abbreviations: OPCs = oligodendrocyte 
progenitor cells, NKT cells = natural killer T cells, DCs = dendritic cells, MOL = mature 
oligodendrocytes, VSMCs = vascular smooth muscle cells, COPs = committed 
oligodendrocyte progenitors, BAM = border-associated macrophages, VLMCs = 
vascular and leptomeningeal cells, VECV = vascular endothelial cells (venous). 
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Ext. Figure 4. Single-cell deconvolution-based mapping of in scRNA-seq 
identified cellular clusters on Visium data set. 
 
(a,b) Deconvolution based mapping of in Fig. 2b identified scRNA-seq clusters on 
spatial transcriptome dataset (3 dpi). Abbreviations: OPCs = oligodendrocyte 
progenitor cells, NKT cells = natural killer T cells, DCs = dendritic cells, MOL = mature 
oligodendrocytes, VSMCs = vascular smooth muscle cells, COPs = committed 
oligodendrocyte progenitors, BAM = border-associated macrophages, VLMCs = 
vascular and leptomeningeal cells, VECV = vascular endothelial cells (venous). 
 
Ext. Figure 5. Integration of scRNA-seq datasets of intact and brain-
injured mice (3 and 5dpi), cluster distribution and cell type identification. 
 
(a,b) UMAP plots depicting clustering (a) and cell distribution of integrated and batch-
corrected intact (16567 cells), 3 dpi (3637 cells) and 5dpi (13658 cells) cells among 
35 defined clusters (b). Clusters were color-coded and annotated based on their 
transcriptional identities. (c) Dot plot depicting expression of the 3 most enriched 
genes in each of the 35 identified clusters (see Ext. Table 6). Abbreviations: UMAP = 
uniform manifold approximation and projection, dpi = days post injury, VECV = 
vascular endothelial cells (venous), MOL = mature oligodendrocytes, DAM = disease-
associated microglia, OPCs = oligodendrocyte progenitor cells, NKT cells = natural 
killer T cells, BAM = border-associated macrophages, VSMCs = vascular smooth 
muscle cells, COPs = committed oligodendrocyte progenitors, VLMCs = vascular and 
leptomeningeal cells, DC = dendritic cells. 
 
Ext. Figure 6. Stab wound injury elicits unique gene expression in distinct 
glial subpopulations. 
 
(a) UMAP depicting subclustered astrocytes of integrated and batch-corrected intact, 
3 and 5dpi datasets. (b) Dot plot depicting expression of the 5 most enriched genes in 
each of the 9 identified clusters. (c) UMAP displaying cell distribution of intact (green), 
3dpi (red) and 5dpi (orange) cells among all 9 astrocytic clusters. Note that clusters 
‘AG5’, ‘AG6’ and ‘AG8’ are mainly composed of cells originating from injured cortices. 
(d) UMAP displaying localization of injury-enriched cluster ‘12_Astrocytes’ (turquoise, 
Ext. Fig. 4b) on subclustered astrocytes. (e) UMAPs highlighting expression of 
example marker genes Gfap, Vim and Lcn2 to identify reactive astrocyte clusters. (f) 
UMAP depicting subclustered microglia of integrated and batch-corrected intact, 3 and 
5dpi datasets. (g) Dot plot depicting expression of the 5 most enriched genes in each 
of the 8 identified clusters. (h) UMAP displaying cell distribution of intact (green), 3dpi 
(red) and 5dpi (orange) cells among all 8 microglial clusters. Note that clusters ‘MG4’ 
and ‘MG6’ are mainly composed of cells originating from injured cortices. (i) UMAP 
displaying localization of injury-enriched cluster ‘11_Microglia’ (peach, Ext. Fig. 4b) on 
subclustered microglia. (j) UMAPs highlighting expression of example marker genes 
Aif1, Tmem119 and P2ry12 to identify reactive microglial clusters. (k) UMAP depicting 
subclustered oligodendrocytes of integrated and batch-corrected intact, 3 and 5dpi 
datasets. (l) Dot plot depicting expression of the 5 most enriched genes in each of the 
10 identified clusters. (m) UMAP displaying cell distribution of intact (green), 3dpi (red) 
and 5dpi (orange) cells among all 10 clusters. Note that cluster ‘OPCs2’ is mainly 
composed of cells originating from both injured conditions. (n) UMAP displaying 
localization of injury-enriched cluster ‘15_OPCs’ (pink, Ext. Fig. 4b) on subclustered 
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oligodendrocytes. (o) Dot plot depicting expression of the 30 most enriched genes in 

cluster ‘OPCs2’. Note comparable gene expression between clusters ‘OPCs1’ and 

‘OPCs2’ prevent identification of unique reactive OPC markers. Abbreviations: UMAP 

= uniform manifold approximation and projection, dpi = days post injury, OPCs = 

oligodendrocyte progenitor cells, COPs = committed oligodendrocyte progenitors, 

MFOL = myelin-forming oligodendrocytes, MOL = mature oligodendrocytes. 

 

Ext. Figure 7. Reactive glial subpopulations share injury-induced 
transcriptomic signature. 
 

(a,b) UpSet plots depicting unique and overlapping down-regulated (a) and up-

regulated DEGs (b) (pval < 0.05, log2 fold change > 1.6 or log2 fold change < -1.6) 

between different glial subclusters of integrated and batch-corrected intact, 3 and 5 

dpi datasets (Fig. 5c-e). Wherever applicable, DEGs are determined by comparing 

each glial subcluster to all other subclusters within the respective cell type (see 

methods). Red bars in (b) highlight commonly shared genes between reactive 

astrocytic, microglial and oligodendroglial subclusters. Abbreviations: DEGs = 

differentially expressed genes. 

 
Ext. Figure 8. Reactive glial subpopulations display shared gene 
expression following injury. 
 
(a) Experimental paradigm to identify shared gene expression in astrocytes, OPCs 

and microglia. Dashed grey box on mouse brain scheme refers to highlighted area. 

Red line displays injury core. (b-d) Representative overview images depicting 

Galectin1 expression in GFAP+ astrocytes (b), NG2+ glia (c) and Iba1+ microglia (d). 

Micrographs (b’-d’’) are magnifications of white boxed areas in corresponding 

overview images. White dashed lines highlight injury cores. White arrowheads in 

micrographs depict colocalization of Galactin1 (b’-d’) with GFAP+ (b’’), NG2+ (c’’) and 

Iba1+ (d’’) cells. All images are full z-projections of confocal z-stacks. (e) Dot plot 

depicting gene expression of components associated with Tlr1/2 and Cxcr3 signaling 

pathways. Genes are adapted and complemented based on Sanchez-Gonzalez et al. 

202254. Scale bars: b-d: 50 μm (overview), b’-d’’: 20 μm (micrographs). 
 
Ext. Figure 9. scRNA-seq data integration of intact and stab wound-injured 
cortices. 
 
(a) UMAP plots depicting cell distribution of integrated and batch-corrected intact 

(green, 16649 cells), 3dpi CTRL (red, 3637 cells), 3dpi INH (pink, 4613 cells), 5dpi 

CTRL (orange, 13766 cells) and 5dpi INH (peach, 15146 cells) datasets. (b) Heatmap 

displaying high cluster similarity of integrated intact and injured CTRL conditions 

(‘control’, y-axis) and integrated intact, injured CTRL and injured INH conditions 

(‘control and inhibitor-treatment’ x-axis). (c) UMAP displaying cell distribution of intact 

(green), 3dpi CTRL (red), 3 dpi INH (pink), 5dpi CTRL (orange) and 5dpi INH (peach) 

cells among 9 identified astrocytic clusters as depicted in Fig. 5c. Clusters ‘AG5’, 

‘AG6’, ‘AG7’ and ‘AG8’ are mainly formed by cells originating from injured CTRL and 

INH animals. (d) UMAP displaying cell distribution of intact (green), 3dpi CTRL (red), 

3dpi INH (pink), 5dpi CTRL (orange) and 5dpi INH (peach) cells among 8 identified 

microglial clusters as depicted in Fig. 5d. Clusters ‘MG3’ and ‘MG6’ are mainly formed 

by cells originating from injured CTRL and INH animals. (e) UMAP displaying cell 
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distribution of intact (green), 3dpi CTRL (red), 3dpi INH (pink), 5dpi CTRL (orange) 
and 5 dpi INH (peach) cells among 13 identified oligodendroglial clusters as depicted 
in Fig. 5e. Clusters ‘OPCs1’ and ‘OPCs2’ are mainly formed by cells originating from 
injured CTRL and INH animals. Abbreviations: UMAP = uniform manifold 
approximation and projection, dpi = days post injury, CTRL = stab wound-injured 
control mice, INH = stab wound-injured inhibitor-treated mice, VECV = vascular 
endothelial cells (venous), MOL = mature oligodendrocytes, OPCs = oligodendrocyte 
progenitor cells, NKT cells = natural killer T cells, BAM = border-associated 
macrophages, VSMCs = vascular smooth muscle cells, COPs = committed 
oligodendrocyte progenitors, VLMCs = vascular and leptomeningeal cells, DC = 
dendritic cells. 
 
Ext. Figure 10. Cxcr3 and Tlr1/2 pathway inhibition following brain injury 
induces subcluster-specific changes. 
 
(a-d) UpSet plots depicting unique and overlapping down-regulated (a,c) and up-
regulated (b,d) DEGs (pval < 0.05, log2 fold change > 0.7 or log2 fold change < -0.7) 
between different glial subclusters in response to Cxcr3 and Tlr1/2 inhibition at 3 (a,b) 
and 5dpi (c,d). (e,f) GO-term networks illustrate distinct, subcluster-specific biological 
processes enriched in the set of genes up-regulated in response to Cxcr3 and Tlr1/2 
pathway inhibition at 3dpi (e) and 5dpi (f) (see Ext. Table 8). Abbreviations: DEGs = 
differentially expressed genes, dpi = days post injury. 
 
Ext. Figure 11. OPC reactivity after injury is not altered by Cxcr3 and Tlr1/2 
pathway inhibition. 
 
(a,b) UMAPs illustrating subclusters of oligodendrocytes (a) and cell distributions 
among these subclusters (b) at all timepoints (intact, 3 and 5dpi) and conditions (CTRL 
and INH). (c) Experimental paradigm to address number of oligodendrocytes and OPC 
proliferation in injury vicinity. Dashed grey box on mouse brain scheme refers to 
analyzed area. Red line displays injury core. (d,e) Representative overview images of 
proliferating Olig2+ (grey) and EdU+ (magenta) oligodendrocytes in CTRL (d) and INH-
treated (e) animals. White dashed lines highlight injury cores. Micrographs (d’-e’’) are 
magnifications of white boxed areas in (d) and (e), respectively. White arrowheads in 
micrographs depict colocalization of EdU (d’,e’) with Olig2+ (d’’,e’’) cells. All images 
are full z-projections of confocal z-stacks. (f,g) Dot plots depicting number of 
oligodendrocytes (Olig2+ cells) (f) and proliferating OPCs (Olig2+ and EdU+) (g) in 
CTRL and INH-treated animals. Data are shown as mean ± standard error of the 
mean. Each data point represents one animal. p-values were determined using 
unpaired t-test. Scale bars: d,e: 50 μm (overview), d’,e’’: 20 μm (micrographs). 
Abbreviations: UMAP = uniform manifold approximation and projection, dpi = days 
post injury, EdU = 5-Ethinyl-2′-deoxyuridine, i.p. = intraperitoneal injection, CTRL = 
stab wound-injured control animals, INH = stab wound-injured inhibitor-treated 
animals, OPCs = oligodendrocyte progenitor cells, COPs = committed 
oligodendrocyte progenitors, MFOL = myelin-forming oligodendrocytes, MOL = 
mature oligodendrocytes. 
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 31 

Ext. Figure 12. Reaction of microglia and astrocytes to stab wound injury 
in absence of Cxcr3 and Tlr2 signaling. 
 
(a) Scatter plots depicting morphological microglial features. Each data point 
represents one microglial cell and in total 450 cells per condition were analyzed. Data 
are displayed as median ± interquartile range. p-values were determined using Mann-
Whitney U-test. (b) UMAPs highlighting expression of Gfap and Lcn2 among all 
astrocytic subclusters. (c) Dot plots depicting expression levels of Gfap and Lcn2 in 
astrocytes. (d) Dot plot depicting ‘astrocyte reactivity scores’ among all timepoints 
(intact, 3 and 5dpi) and conditions (CTRL and INH). Genes defining ‘astrocyte 
reactivity scores’ in Ext. Fig. 12d were extracted from ‘Cluster_4’ and ‘Cluster_8’ 
astrocytes of Hasel et al. 202146 (e) Experimental paradigm to investigate astrocyte 
reactivity in injury vicinity. Dashed grey box on mouse brain scheme refers to analyzed 
area. Red line displays injury core. (f,g) Representative overview images of GFAP+ 
astrocytes (green) and NGAL+ cells (magenta) in CTRL (f) and INH-treated (g) 
animals. White dashed lines highlight injury cores. Micrographs (f’-g’’) are 
magnifications of white boxed areas in (f) and (g), respectively. White arrowheads in 
micrographs depict colocalization of NGAL (f’,g’) with GFAP+ astrocytes (f’’,g’’). All 
images are full z-projections of confocal z-stacks. (h,i) Dot plots depicting percentage 
of area covered with GFAP+ signal (h) and density of GFAP+ NGAL+ double positive 
astrocytes (i) in injury vicinity of CTRL and INH-treated mice. Data are shown as mean 
± standard error of the mean. Each data point represents one animal. p-values were 
determined using unpaired t-test. (j) UMAPs highlighting localization of proliferating 
astrocytes (pink) to subclusters ‘AG6’ and ‘AG7’. (k) Histogram illustrating percentage 
of proliferating astrocytes between all timepoints (intact, 3 and 5dpi) and condition 
(CTRL and INH). Proliferating astrocytes were identified in scRNAseq data sets by 
S+G2/M score expression (see Ext. Table 5). Scale bars: f,g: 50 μm (overview), f’-g’’: 
20 μm (micrographs). Abbreviations: UMAP = uniform manifold approximation and 
projection, dpi = days post injury, INT = intact mice, CTRL = stab wound-injured control 
animals, INH = stab wound-injured inhibitor-treated animals. 
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Clusters

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

№ cells
14454

f g

a

Astrocytes

C
lu

st
er

di
st

ri
bu

ti
on

pe
r

co
nd

it
io

n

b

0

1 density

0

1 density

0

1 density

0

1 density

0

1 density

3dpi_CTRL

INTACT

5dpi_CTRL

3dpi_INH 5dpi_INH

c

G
FA

P
E

dU

CTRL INH

Stab wound

EdU i.p.

0 1 2 3 (Days)
Treatment

Sacrifice

%
G

FA
P

+
E

dU
+

am
on

g
al

lG
FA

P
+

CTR
L

IN
H

E
dU

+
ce

lls
ar

ea
/m

m
3

CTR
L

IN
H

d

d' e'

d'' e''

e



Study III 

 148 
  

Ext.Fig. 1

Spatial1

S
pa

tia
l2

Spatial1

S
pa

tia
l2

Spatial1

S
pa

tia
l2

Spatial1

S
pa

tia
l2

Spatial1

S
pa

tia
l2

Spatial1

S
pa

tia
l2

0 0.5 1
Gene set score

0 0.5 1
Gene set score

0 0.5 1
Gene set score

0 0.5 1
Gene set score

Spatial1

S
pa

tia
l2

Spatial1

S
pa

tia
l2

Spatial1

S
pa

tia
l2

Layer 2/3

In
ta

ct
3d

pi

Layer 4 Layer 5 Layer 6

cb

0 1 2 3 (Days)

Stab wound Sacrifice
a

Visium
Spatial Gene
Expression

e

d

f

In
ta

ct

Top genes peaking at injury

3d
pi

Trajectory

G
enes

expression

In
ta

ct
3d

pi



Study III 

 149 
  

Intact 3dpia

UMAP1

U
M
A
P
2

c

d

e

Ext.Fig. 2

№ cells
2676

№ cells
3646

b

20 40 60 80 100

0 5



Study III 

 150 
  

Injury non-responding clusters

Injury responding clusters

Ext.Fig. 3
a

b

Spatial1

S
pa
tia
l2

Spatial1

S
pa
tia
l2

E
n
ri
ch
ed

cl
u
st
er
s

D
ep
le
te
d
cl
u
st
er
s

C
elltype

m
apping

probability

C
elltype

m
apping

probability



Study III 

 151 
 

Ext. Fig.4
a

b

Spatial1
S
pa
tia
l2

Spatial1

S
pa
tia
l2

11 Microglia 13_Macrophages/
Monocytes

18 Monocytes14 VECV

26 VSMCs

12 Astrocytes

23 Astrocytes

16 Microglia

25 Pericytes

10 OPCs

15 OPCs

5 Astrocytes 6 Astrocytes

7 Astrocytes 9 Astrocytes

3 Astrocytes 4 Astrocytes1 Neurons 2 Neurons

19 Neurons 20 MOL

27 COPs

29 VLMCs

21 Pericytes

8 NKT/T cells

17 DCs

28 BAM

22 DCs 24 Neurons

0 Microglia



Study III 

 152 
 

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

c

Ext.Fig. 5

a b
№ cells
16567

№ cells
3637

№ cells
13658



Study III 

 153 
  

a

ec

b

Astrocytes

f

Microglia

k

m

g

Oligodendrocytes

3dpi

5dpi

Intact

3dpi

5dpi

Intact

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

l

Ext.Fig. 6

d
12_Astrocytes Gfap Vim Lcn2

jh

UMAP1

U
M
A
P
2

i
11 Microglia

3dpi

5dpi

Intact

UMAP1

U
M
A
P
2

nn o

Homeostatic
Reactive

Homeostatic
Reactive

15 OPCs

Aif1 Tmem119 P2ry12

Top 30 genes OPCs2

Homeostatic
Reactive



Study III 

 154 
  

Ext. Fig. 7

OPCs2

AG5

MG4

UpSet plot up-regulated genes

UpSet plot down-regulated genes
a

OPCs2

AG5

MG4

b

Number of DEGs

Number of DEGs

N
um

be
r

of
di

st
in

ct
or

ov
er

la
pp

in
g

D
E

G
s

N
um

be
r

of
di

st
in

ct
or

ov
er

la
pp

in
g

D
E

G
s



Study III 

 155 
  

a

e

Ext.Fig. 8

SacrificeStab wound

Tamoxifen

-16 -15 -14 0 32 (DAYS)1
NG2CreERT2 x GFP

Iba1 Galectin 1

GFAP Galectin 1 NG2 Galectin 1

b

b' c'

d'

b'' c''

d''

c

d

Fraction of cells
in group (%)

Mean expression
in group

10 20 30 40

0 1
5d
pi
_C
T
R
L

3d
pi
_C
T
R
L

IN
T

Adapted from
Sanchez-Gonzalez

et al. 2022



Study III 

 156 
  

Ext. Fig. 9
a

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

U
M
A
P
2

b

0 1similarity score

Clusters similarity matrix

INTACT

3dpi _CTRL

3dpi _INH 5dpi _INH

5dpi _CTRL

№ cells
16649

№ cells
3643

№ cells
13766

№ cells
4613

№ cells
15142

Astrocytes Microglia Oligodendrocytes

UMAP1

U
M
A
P
2

c d

U
M
A
P
2

UMAP1

U
M
A
P
2

UMAP1

e

INTACT

3dpi _CTRL

5dpi _CTRL

3dpi _INH

5dpi _INH

INTACT

3dpi _CTRL

5dpi _CTRL

3dpi _INH

5dpi _INH

INTACT

3dpi _CTRL

5dpi _CTRL

3dpi _INH

5dpi _INH

C
on

tr
ol

Control and inhibitor-treatment



Study III 

 157 
  

Ext.Fig. 10

a
3dpi Up-regulated genes after treatment3dpi Down-regulated genes after treatment

b

c d 5dpi Up-regulated genes after treatment5dpi Down-regulated genes after treatment

fe Enriched biological processes of
3dpi up-regulated genes after treatment

Enriched biological processes of
5dpi up-regulated genes after treatment

N
um
be
r
of
di
st
in
ct
or
ov
er
la
pp
in
g
D
E
G
s

Number of DEGs

N
um
be
r
of
di
st
in
ct
or
ov
er
la
pp
in
g
D
E
G
s

Number of DEGs

N
um
be
r
of
di
st
in
ct
or
ov
er
la
pp
in
g
D
E
G
s

Number of DEGs

N
um
be
r
of
di
st
in
ct
or
ov
er
la
pp
in
g
D
E
G
s

Number of DEGs

N
um
be
r
of
di
st
in
ct
or
ov
er
la
pp
in
g
D
E
G
s

Number of DEGs



Study III 

 158 
  

Ext. Fig.11
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3 Discussion 

TBI is one of the leading causes of disability and mortality in western societies, and 

it is associated with increased risk for the development of additional pathologies, 

including neurodegenerative disorders (Maas et al., 2008; Puntambekar et al., 2018). 

Despite damages from the initial trauma, subsequent secondary cascades are thought to 

be a pivotal contributor to the subsequent detrimental outcomes. Glial cells are a critical 

contributor to secondary injury, having a dual role in TBI pathology. Initially, they associate 

with important protective aspects which promote recovery (Anderson et al., 2016). 

However, during the disease progression, they promote neuroinflammation, 

excitotoxicity, and extracellular matrix (ECM) changes, contributing to further damage to 

the CNS (George & Geller, 2018; Karve et al., 2016; Mira et al., 2021). This transition from 

a protective to a detrimental phenotype may present a time window for therapeutic 

interventions targeting glial cells, aiming to improve the adverse outcomes following TBI. 

Overall, my Ph.D. project aimed to determine the mechanisms involved in glial cells' 

reactivity and glial border formation. In this line, I aimed to identify detrimental pathways 

involved in the prolonged glial border formation linked with the detrimental secondary phase 

of TBI pathophysiology. For my study, I used the stab-wound-injury model in mice (Buffo et 

al., 2005; Frik et al., 2018), a mild injury model involving the breakdown of BBB and the 

activation of both glial and immune cells (Frik et al., 2018). The reproducibility of the model 

and the reactivity observed, also long-term, make it perfect for studying the basic features of 

TBI pathophysiology. To address the changes in multiple populations and to profile the injury 

milieu, I performed transcriptomic analysis using the single-cell and spatial approach upon 

stab wound injury in the murine cerebral cortex. Thus, generating a molecular toolbox that 

could help us understand the changes following TBI. This analysis revealed specific 

subpopulations of glial cells with shared inflammatory signatures as part of the injury milieu. 

In addition, our zebrafish research revealed multiple components of the inflammatory system 

responsible for the prolonged accumulation of glial cells in the injury core (Sanchez-Gonzalez 

et al., 2022; Zambusi et al., 2022), highlighting the importance of tightly regulation of 

neuroinflammation for successful regeneration. Consequently, I utilize a trans-species 

approach by comparing our findings from zebrafish (Sanchez-Gonzalez et al., 2022) and 

mouse TBI models (Koupourtidou, Schwarz et al., unpublished data) and predicted Tlr2 and 
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Cxcr3 signaling pathways as a target to modulate glial reactivity in response to stab wound 

injury in the murine cerebral cortex. The transcriptomic analysis and the role of Tlr2 and Cxcr3 

signaling pathways upon TBI in mice will be discussed in depth in the following section. 

3.1 Molecular mapping of the injury milieu using spatial transcriptomics 

TBI has complex pathophysiology, which involves the response of various types of 

cells (Mira et al., 2021; Puntambekar et al., 2018). In addition, an adequate border 

establishment requires distinct reactions of glial cells at a relative distance from the injury 

site. Indeed, it has already been demonstrated that astrocytes and OPCs respond 

differently based on their distance from the injury site. (Bardehle et al., 2013; Sofroniew 

& Vinters, 2010; von Streitberg et al., 2021). A better understanding of the global changes 

following TBI is critical as it can open new avenues in developing therapeutic approaches. 

However, most transcriptomic studies investigating cell states are independent of their 

location and mainly focus on the response of specific cell types, with few intended to 

evaluate the interplay between these cells. In this manner, I developed a toolbox profiling 

the transcriptional changes across various cell types with providing spatial and temporal 

context. 

Spatial transcriptomic analysis of the stab-wounded cortex 3dpi revealed a well-

defined injury cluster, “cluster VI,” around the injury core affecting only the surrounding 

area without altering the rest of the cortex. A remarkable observation was the extent of 

the injury milieu, which was restricted to a very close distance from the initial trauma, 

with the upper layer being more affected than the deeper layers. This could be explained 

by the V shape of the surgical tool used for the injury, which leads to more extensive 

damage to the upper layers. Interestingly, the cortical layer patterning was not altered by 

the injury as I could observe similar expression of the cortical gene sets (based on Zeisel 

et al., 2018) for each layer, with only a slight downregulation of these gene sets around 

the injury core. 

Cluster’s VI-enriched genes are involved in glial reactivity, indicating an 

overrepresentation of these populations in the injury milieu. Indeed, among the top 

enriched genes for cluster VI, I detected genes specifically describing reactive astrocytes 

like Gfap, Lcn2, Serpina3n, Vim, Lgals1, Fabp7, and Tspo (Escartin et al., 2021; Hasel et al., 
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2021; Jurga et al., 2020; Sirko et al., 2015; Zamanian et al., 2012) and genes specific for 

microglia/macrophages such as Aif1, Csf1r, Cd68 and Tspo (Hammond et al., 2019; Jurga 

et al., 2020).  

Looking at the processes characterizing the enriched genes of cluster VI, I observed 

the regulation of processes linked to angiogenesis and phagocytosis, known features of 

the early events following brain damage and wound healing in general (Shechter & 

Schwartz, 2013). These involve clearing dead cells and debris as well as re-establishing of 

vascular properties to ensure oxygen supply. In addition, I observed many genes linked to 

immune processes. Among them, I detected progranulin (Grn), which is important for 

microglia activation regulating its return to homeostasis and has a neuroprotective role  

(Zambusi et al., 2022; X. Zheng et al., 2022). Additionally, components of the complement 

system, which is also involved in the inflammatory reaction, were also enriched at the injury 

core. Specifically, I detected the Complement component 1q (C1q), subunits a, b, and c (C1qa, 

b, c), the recognition component of the classical complement activation pathway, which can 

regulate reactive astrocytes and microglia (Färber et al., 2009; Kettenmann et al., 2011; 

Liddelow et al., 2017) 

To validate the accuracy of the spatial transcriptomics analysis in predicting gene 

expression in spatial context, I confirmed the expression of several cluster VI-specific genes 

(Serpina3n, Lcn2, and Cd68) using RNAscope. This enabled me to address if the expression 

patterns detected with the Visium correlate with the gene expression around the injury. 

Notably, the expression patterns detected were in line with the Visium analysis. This 

observation supports the use of Visium to detect global changes with spatial information.   

3.2 Specific glial subpopulations contribute to the injury milieu 

Even though the Visium platform offers the possibility to profile transcriptomic 

changes by preserving spatial information, the profile itself arises from multiple cells. In 

this regard, the combination of spatial transcriptomics with scRNA-seq analysis can 

become a great tool to reveal transcriptomic changes of specific cell types relative to their 

predicted location. This is of great interest in our injury model as it has been described 

that the reaction of especially astrocytes (Bardehle et al., 2013) and OPCs (von Streitberg 

et al., 2021) depends on their location. These observations are mainly based on live 

imaging studies, and until now, it has not been possible to study the transcriptomic profile 
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of these cells. Thus, we combined the spatial transcriptomic with scRNA-seq analysis 

aiming to generate a transcriptomic profile of multiple cells and predict their spatial 

localization. 

However, for the successful integration of the two data sets, it is essential to 

consider some pre-requirements. For example, the samples should be from a similar 

anatomical location. Additionally, it is critical that the scRNA-seq dataset accurately 

represents the cell types of the region. Therefore, it was important to detect the 

predominant expected cell types in the scRNA-seq data. An important factor that can alter 

the detected cell types is the dissociation protocol. In my case, after trying different 

dissociation protocols, I decided to use an enzymatic dissociation protocol using papain 

(Papain Dissociation System-Worthington, used before by  Zeisel et al., 2018). Using this 

protocol, I identified several neuronal and glial clusters, including astrocytes, microglia, 

and oligodendrocyte lineage cells. Additionally, vascular cells, pericytes, and multiple 

types of immune cells were also detected. Importantly, some of the clusters were 

detected mainly in the injured datasets, highlighting the detection of specific cell types 

depending on the anatomical region and condition.  

Nowadays, there are several bioinformatic ways to integrate spatial and single-cell 

transcriptomic data (B. Li et al., 2022). As part of this study, I choose to use Tangram 

(Biancalani et al., 2021), a deep learning framework that uses non-convex optimization to 

learn a spatial alignment for scRNA-seq data and can assign cells to spatial locations using 

histological sections. Integrating the scRNA-seq and the Visium data sets predicted the 

contribution of specific cell subtypes to the injury environment. Indeed, I detected 

multiple populations responding to the injury by enriched or decreased representation, 

while others did not respond. 

 As I am interested in the populations accumulating at the injury milieu and 

forming the glial border, I focused on the populations with enriched representation in the 

injury area. Among them, microglial clusters showed a more uniform response to injury 

as I could detect all microglia clusters accumulating at the injury, with cluster 

“11_Microglia” being the one with the highest correlation. The cluster “11_Microglia” was 

mainly present in the 3dpi sample and had low expression of the homeostatic microglial 

genes, such as P2ry12 and Tmem119 (Masuda et al., 2019), whereas it had an enriched 
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score for the genes detected in disease-associated microglia (DAM) (Deczkowska et al., 

2018; Hammad et al., 2018; Keren-Shaul et al., 2017; Masuda et al., 2020) 

On the other hand, astrocytes showed a heterogenous response, with most 

clusters being under-represented around the injury area compared to the rest of the 

cortex. Interestingly, only clusters “12_Astrocytes” and “23_Astrocytes” respond to injury 

by accumulating around the injury area. Focusing on the injury-enriched astrocytic 

clusters “12_Astrocytes” and “23_Astrocytes,” I could see heterogeneity both at the 

location of the cells as well as the genes signature, with cluster “12_Astrocytes” being the 

one expressing high levels of Gfap and “occupying” a larger area around the injury. Cluster 

“23_Astrocytes”, on the contrary, had low expression of several astrocytic markers, 

including Gfap, and could represent the recently described “atypical astrocytes,” which, 

after focal brain injury, rapidly downregulated GFAP together with other astrocytic 

proteins (Shandra et al., 2019). OPCs also responded to the injury, with cluster “15_OPCs” 

being the only one showing enrichment at the injury core. Finally, I could detect the 

response of peripheral infiltrating macrophages and monocytes, with clusters 

“13_Macrophages/Monocytes” and “18_Monocytes” contributing to the injury milieu.  

With the integration of the two datasets, I could identify multiple populations 

overrepresented in the injury core. Interestingly, each cell type has subclusters that show 

variable responses to injury. The combination of the single cell and spatial transcriptomics 

helped us to better identify the subpopulations of glial cells, which require further 

investigation.  

3.3 Shared inflammatory signature of reactive glial cells 

Furthermore, it is essential to consider the temporal aspects of the cellular 

response to injury. It has been described based on immunohistochemical analysis that 

upon stab wound injury, microglia and OPCs rapidly respond to injury with their reactivity 

peak ranging from 2-3dpi, whereas astrocyte reactivity peaks at 5dpi (Frik et al., 2018; 

Robel et al., 2011; von Streitberg et al., 2021). Since our interest is mainly in glial cells, in 

addition to the 3dpi time point, I included the 5dpi to capture the early events following 

injury adequately, which could help us better characterize the cellular reactivity in 

response to injury.  
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To be able to unravel how each population transited from a resting, homeostatic 

to an activated, reactive state, I merged all conditions and analyzed them together. 

Focusing on glial cells, I identified distinct clusters in each of the investigated cell 

populations consisting mainly of cells from the injured samples; thus, I termed them 

reactive clusters. Besides that, they consisted of cells from the injury-responding clusters, 

as identified by the single-cell deconvolution analysis (‘11_Microglia’, ‘12_Astrocytes’, 

‘15_OPCs’). The classification was also in line with their gene expression patterns as the 

reactive astrocytic clusters (‘AG5’, ‘AG6’ and ‘AG8’) expressed high levels of Gfap, Vim, 

and Lcn2 (Hasel et al., 2021; Sirko et al., 2015), reactive microglia (‘MG4’ and ‘MG6’) 

displayed high expression of Aif1 and low expression of the homeostatic markers 

Tmem119 and P2ry12 (Ochocka et al., 2021) and reactive OPCs2 showed increased 

expression of proliferation genes (C. Simon et al., 2011).  

Even though no distinct time-point-dependent clusters appeared, I could observe 

changes in the distribution of glial cells. Indeed, microglia showed increased reactivity at 

3dpi, whereas 5dpi cells were shifting toward more homeostatic clusters. OPCs led a quick 

transition to reactivity at 3dpi, with very few cells residing in the reactive cluster at 5dpi. 

On the contrary, astrocytes reactivity peaked at 5dpi as most cells belonged in the reactive 

clusters, whereas, at 3dpi, I could still detect many cells in the homeostatic clusters. My 

observations were in line with previous literature regarding the kinetics of glial response 

(Frik et al., 2018; Robel et al., 2011; von Streitberg et al., 2021). 

These temporal changes in the distribution of glial cells among the clusters 

prompted us to look at the genes characterizing each subcluster in a holistic approach. In 

this way, I could identify subclusters of microglia, astrocytes, and OPCs with shared 

enriched features, including proliferation and innate immune processes. As discussed in 

the introduction, proliferation is indeed one of the main processes which are activated in 

glial cells upon CNS insult and highly contributes to the accumulation of glial cells at the 

injury area and the formation of the glial border (Mira et al., 2021; Robel et al., 2011; C. 

Simon et al., 2011). The innate immune response is also important for the response of 

glial cells and their accumulation to the injury site, being crucial to recovery after TBI. 

However, when the immune response is dysregulated can result in excessive 

neuroinflammation and secondary injury (Mira et al., 2021; D. W. Simon et al., 2017). 
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Limiting the inflammatory response to the level needed for clearance and isolation of the 

damaged area and prohibiting its excessive activation could prevent secondary injury and 

promote regeneration.  

Aiming to better understand the innate immune response induced by glial cells, I 

investigated further the genes of these processes. Among them, I found several IFN-I 

pathway genes regulated in the reactive clusters MG4, AG5, and OPCs2. Interestingly, the 

Interferon regulatory factor 7 (Irf7), a transcription factor crucial for the IFN-I activity (Ning 

et al., 2011), and Cxcl10, a well-characterized ligand of the Cxcr3 pathway (Colvin et al., 

2004), got our attention. Previous studies have demonstrated that Irf7 can induce type I 

IFNs through the activation of Tlr2, resulting in the transcription of several mediators, 

including Cxcl10 (Dietrich et al., 2010; Perkins & Vogel, 2015). Furthermore, the Tlr2/Irf7 

signaling axis has been associated with microglia-mediated inflammation after 

subarachnoid hemorrhage in mice (Xu et al., 2021).  

Notably, we recently demonstrated that Cxcr3 and Tlr1/2 regulate OPCs 

accumulation at the injury site in the zebrafish brain in a redundant and synergistic 

manner (Sanchez-Gonzalez et al., 2022). More specifically, we could show that activation 

of Tlr2 and Cxcr3 innate immunity pathways lead to increased OPC proliferation and long-

lasting OPC accumulation even after the ablation of microglia and infiltrating monocytes. 

Thus, suggesting that OPCs can sense and react to injury-induced innate immunity signals 

independently from immune cells (Sanchez-Gonzalez et al., 2022). 

However, both receptors are not exclusively expressed in OPCs, and the reduced 

proliferation of OPCs could be a consequence of Cxcr3 and Tlr2 misregulation in other 

populations. Therefore, I assessed their role in pure primary OPC cultures isolated from 

P0 mouse cerebral cortex using Moloney murine leukemia virus (MLV) based clonal 

analysis. OPCs are permanently labeled with GFP expressing retrovirus, and the size of 

clones produced by transduced progenitors within 5 days is measured in the vehicle and 

double inhibitor treated cultures. The treatment reduced the clone size produced by 

OPCs, supporting a cell-autonomous role of Tlr1/2&Cxcr3 pathways in OPC proliferation. 

Additionally, as CRISPR/Cas9 mediated knock out of Tlr2 and Cxcr3 in an OPC cell line (Oli-

neu) (Sohl et al., 2013) reduced proliferation, this corroborates a direct role of these 

receptors in regulating OPC proliferation and rules out pharmacological off-target effects 
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(Sanchez-Gonzalez et al., 2022). Supporting the ability of OPCs to sense innate immunity 

signals, it recently was demonstrated that activation of Tlr1/2 via HMGB1 leads to 

decrease differentiation of OPCs in purified primary OPC cultures (Rouillard et al., 2022). 

Taken together, these data reveal the importance of OPCs during the glial border 

formation, supporting the hypothesis that OPCs could directly sense injury-generated 

signals and regulate their proliferation rate in Tlr2- and Cxcr3-dependent manner both in 

the zebrafish and mouse forebrain. Our findings add to the recently investigated field of 

OPCs as a sensor and mediator of inflammation in CNS disorders which is mainly 

presented in studies of multiple sclerosis (MS) (Boccazzi et al., 2022). Indeed, it has been 

shown that OPCs can maintain immune homeostasis and modulate inflammatory 

reactions interacting with microglia (Boccazzi et al., 2022; Desu et al., 2021; Jäkel et al., 

2019).  

3.4 Cxcr3 and Tlr1/2 regulate distinct aspects of glial reactivity 

Aiming to address the role of Cxcr3 and Tlr1/2 in response to injury in mice, I 

decided to systemically inhibit the two pathways after brain injury by treating the animals 

with a specific antagonist for the Cxcr3 (Torraca et al., 2015) (NBI-74330) and a Tlr1/2 

pathway inhibitor (CU CPT 22) (Cheng et al., 2012), similarly to our zebrafish analysis 

(Sanchez-Gonzalez et al., 2022). I sought to address the changes in multiple populations 

and decided to perform scRNA-seq analysis at both 3 and 5 dpi. By integrating the data 

sets with our control analysis, I could address the cell type-specific changes by looking into 

specific subclusters. Focusing on glial cells and the shared inflammatory signature that I 

detected in the reactive glial clusters MG4, AG5, and OPCs2, I first addressed the 

expression of these genes in each glial subcluster. Interestingly, I could observe that 

multiple of these genes, including Irf7, were downregulated after inhibition of the Cxcr3 

and Tlr1/2 pathways. The downregulation of the shared inflammatory genes was detected 

at both time points, with clusters AG7, MG3, and OPCs2 affected the most. This interesting 

observation indicates that the two pathways have a role in regulating glial-induced 

inflammation upon stab wound injury and can modulate microglia, astrocytes, and OPCs. 

 Additionally, by performing differential gene expression analysis within each 

subcluster between SW CTRL and SW INH condition at each time-point, I addressed the 
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changes induced in each cluster specifically. Notably, I observed an overall 

downregulation of innate immune processes shared between astrocytes, microglia, and 

OPCs at 3dpi, which were present mainly in the reactive clusters of each population. 

Downregulation of immune response-related genes was also detected at 5dpi, however, 

these processes were not shared between the different glial populations. Furthermore, 

the biological processes induced by the inhibitor treatment are cluster-specific, 

independent of the analysis timepoint. In conclusion, I demonstrated that inhibiting Cxcr3 

and Tlr1/2 pathways modulate innate immunity on a temporal basis in specific glial 

subpopulations.  

In conclusion, the scRNA-seq analysis implies that Cxcr3 and Tlr1/2 signaling 

pathways regulate similar processes to initially activate (3dpi) different glial cells. This 

activation, however, is followed by cell type-specific transcriptional changes at later 

stages (5dpi). Following the gene expression changes, we further looked at specific 

reactivity features of glial cells, where we detected changes in astrocytes and microglia 

reactivity (Koupourtidou, Schwarz et al., unpublished data). These findings indicate that 

Tlr1/2 and Cxcr3 pathways control specific aspects of glial reactivity and that perturbing 

these pathways does not entirely restore glial cell homeostasis. However, further research 

is necessary to determine the role of each pathway for each population. 

3.5 Summary and conclusions 

In summary, the data generated in my thesis represent a comprehensive tool for 

analyzing early events following traumatic brain injury with respect to changes in time, 

space, and cell type. The advantage of single transcriptomic analysis gave us the power to 

study multiple populations at a specific time of the disease progression. This way, we were 

able to identify multiple cell states of each glial population and identify rare cell states 

that otherwise, e.g., with bulk analysis, would be hard to identify. This way, I observed 

specific glial subclusters with a shared innate immunity signature. Understanding the role 

and function of these processes could help us distinguish between the detrimental and 

beneficial aspects of glial reactivity and neuroinflammation. 

My data also contribute to the characterization of OPCs as part of the cellular 

response to CNS insult, their contribution to the glial border formation, and 
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neuroinflammation. Besides their increased proliferation in response to injury, we can 

now provide the gene expression profile of the reactive OPCs. Even though there is no 

specific marker expressed exclusively by reactive OPCs, there were several genes that 

show higher expression in reactive compared to homeostatic OPCs. Among them, there 

were also genes related to innate immune response supporting the contribution of OPCs 

in controlling and modulating neuroinflammation in CNS disorders (Boccazzi et al., 2022; 

Desu et al., 2021; Jäkel et al., 2019). Additionally, I could show in vitro that innate immune 

responses via Tlr1/2 and Cxcr3 can modulate the proliferation capacity of OPCs (Sanchez-

Gonzalez et al., 2022). These two observations indicate a cross-regulation of the two 

features that OPCs acquire in response to injury. 

Additionally, I mediated a trans-species approach comparing our funding from 

zebrafish and mice in response to injury. Our knowledge from zebrafish, where we 

identified Tlr1/2 and Cxcr3 as important mediators of OPCs proliferation and 

accumulation at the injury site, in combination with the shared inflammatory signature 

detected in subclusters of glial cells prompted us to investigate the role of the two 

pathways upon injury in the murine cerebral cortex. Overall, we could detect 

downregulation of innate immune response upon inhibition of Tlr1/2 and Cxcr3 however, 

this was only modulating some aspects of reactive astrocytes and microglia and did not 

entirely restore them to homeostasis.  

This observation contrasted with our zebrafish data, where we could see that glial 

cells had a faster transition to homeostasis when Tlr1/2 and Cxcr3 were inhibited 

(Sanchez-Gonzalez et al., 2022). This could be due to differences in the injury environment 

with additional cell types and pathways involved in the accumulation of glial cells in the 

injury core in mice and could be one of the possible differences between regeneration 

competent and regeneration incompetent species. 

A better comparison of the cellular response to injury between zebrafish and mice 

may help us understand the difference between the two species and allow us to extract 

the pro-regenerative mechanism of zebrafish CNS. In this line, it could be useful the 

integrations of the scRNA-seq data sets after injury in the two species (Zambusi et al., 

2022, Koupourtidou, Schwarz et al., unpublished data). A better understanding of the 
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injury pathophysiology and the identification of beneficial and detrimental pathways may 

open more opportunities for developing new therapeutic strategies. 
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